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Introduction 

This is our final progress report from a program studying Department of Defense priority 
Pathogens. We were allowed a one-year “no-cost-extension” to continue working on our 
projects. The grant supported the work of several investigators at the University of Tennessee 
Health Science Center and St. Jude Children’s Research Hospital.  Dr. Miller (F. tularensis, 
Burkholderia, Acinetobacter), Li (SARS Co-V), Dr. Bix (Leishmania major). The projects were 
supported by a modeling core (Dr. Cui) and a mouse genomic core (Drs Williams and Lu). Dr. 
Tony Marion joined the team during the third year to work on Francisella. Four of the original co-
Investigators moved to other institutions during the funding period: Dr Adranius Boon to 
Washington University, MO; Dr James Bina to University of Pittsburgh, PA; Dr Fabio Re to 
Rosalin Franklin University, Il; Dr Isao Miyairi to Japan. 

Our study hypothesis is that differential susceptibility to DoD-priority pathogens is the result of 
host genetic variability, and that these discrete loci and/or gene pathways can be identified 
using BXD recombinant inbred mice. The pathogens in our study are naturally occurring 
endemic diseases, emerging infections diseases and biowarfare agents: multidrug resistant 
Acinetobacter baumannii, Burkholderia pseudomallei, Francisella tularensis, Leishmania major, 
Severe Acute Respiratory Syndrome (SARS Co-V), highly pathogenic H5N1 Avian Influenza 
virus. 
The use of advanced recombinant inbred mice (ARI) has been useful tools to discover host 
genes that contribute to disease phenotypes ranging from differences in pathogen burden, 
differences in disease severity and differences in disease outcome.  We have an ARI strain set 
(BXD) comprising 157 well-characterized distinct strains expressing a high degree of genetic 
variability (> 5 million SNPs) that have enabled us to use forward genetic approaches. This 
approach that has successfully yielded highly specific host genetic information based on 
collecting easily measured phenotypes that can be then analyzed using our software tools 
(WEB QTL and the gene network).  Many such studies have been previously reported in the 
context of this award and have been the subject of a number of published studies on 
Chlamydia, influenza, Francisella and Burkholderia.  We have found that once host genes are 
identified to be statistically linked to disease status, application of a variety of experimental 
methods can then be exploited to provide definitive mechanistic data.  We have also found that 
linking host disease phenotypes, genotypes with ‘omics’ data sets provides appropriate types of 
information for computational biology evaluations.  These studies then provide systems 
information that link signaling to the metabolome and thus ensure the most comprehensive 
work-up of host-elicited changes in response to any pathogen that is being investigated. 

Our study had three main objectives: 
• To identify specific phenotypic differences in the response of BXD parental strains following

infection with each of the DoD-priority pathogens
• To identify host genetic loci and pathways that correlate with differential

susceptibility/resistance phenotype(s) of the parental mouse strains to the DoD-priority
pathogen.

• To define and validate candidate genes and gene networks responsible for differential
susceptibility/resistance phenotype(s) of the parental mouse strains for each DoD-priority
pathogen.

In our final report, we present our findings for each pathogen in relation to the study objectives. 
We have fulfilled each of the study objectives to different extents for the different pathogens 
because we were not able to develop the infection models for the pathogens at the same rate. 
For example, the Francisella, Burkholderia and Acinetobacter models are more advanced that 
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the SARS and Leishmania models. Work on the influenza model stopped shortly after Dr Boon 
transferred to Washington University. We also present an update from the cores. The mouse 
genomics core generated datasets for different mouse strains, which are available on 
www.genenetwork.org. The Bioinformatics (Modeling core) analyzed biological data (response 
to infection by a pathogen) from projects using Bayesian network analysis and created a 
Bayesian Network Webserver (BNW - http://compbio.uthsc.edu/BNW). 

We have obtained significant results for all projects supported by this grant funding. We are 
therefore very enthusiastic to follow up on the data we have obtained. We are applying for 
funding from different sources to continue these studies either as separate projects for the 
different DoD priority pathogens, or as a big program project that will involve pathogens and 
supporting cores to do “omics” studies. 
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Francisella tularensis (FT) project 

Francisella tularensis Schu S4 is an extremely virulent bacterial pathogen in humans (LD50<10 
CFU) and in all mouse strains that have been studied (LD50<10). In our hands, there is very little 
difference in the ultimate outcome of infection of the two parental mouse strains (B6 and D2); 
the mice all die and at very similar rates. However, we and others have observed differences in 
the bacterial burdens that are observed in B6 vs. D2 mice. It is known that B6 mice typically 
carry 5-10 fold higher FT burdens than D2 mice during acute infection. It stands to reason that 
these two mouse strains produce distinct innate immune responses that are responsible for this 
difference in bacterial burdens. 

In an effort to identify phenotypes of differential innate 
immune responsiveness of B6 vs. D2 mice to 
pneumonic Francisella tularensis Schu S4 (FT) 
infection, we performed a timecourse study of disease-
state lung parameters following pneumonic infection. 
Mice were challenged with 250 CFU of FT via intranasal 
instillation. At each of the following timepoints (12, 18, 
24, 48, 72, 96, and 120 hours) post-infection, 5 
mice/group were subjected to submandibular puncture 
for blood collection and were then sacrificed. 
Immediately after sacrifice, brochoalveolar lavage was 
performed using 1 ml of sterile PBS, cells were pelleted 
via centrifugation, BAL cells were enumerated using a 
Millipore Sceptor automatic cell counter, and BALF 
fluids were stored at 80˚C until use. 
Cytokine/chemokine quantitation in each BAL fluid was 
then performed via Luminex-based multiplex analysis 
(32-plex Millipore kit).  

We found that on day 3 post-infection (72 hrs), cells 
numbers recruited to the lungs of D2 mice were 
significantly higher than observed in B6 mice (Figure 
1). Interestingly, this difference in BAL cell numbers was 
transient. 

Figure	  1.	  Differential	  expression	  of	  cytokines	  
in	   the	   lung	   compartment	   of	   Francisella	  
tularensis	   Schu	  S4-‐infected	  B6	  and	  D2	  mice.	  
B6	  and	  D2	  mice	  (35/group	  were	  challenged	  via	  
intranasal	  instillation	  with	  250	  CFU	  FT	  Schu	  S4.	  
On	   day	   three	   (72	   hrs)	   post-‐infection,	   5	  
mice/group	   were	   sacrificed	   and	  
bronchoalveolar	   lavage	   (BAL)	   was	   performed.	  
Cells	   recruited	   to	   the	   lungs	   were	   enumerated	  
using	  	  Millipore	  Scepter	  cell	  counter.	   	  Statistical	  
analyses	   were	   performed	   using	   student-‐t	   tests	  
and	  p	  values	  are	  indicated.	  
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Multiplex cytokine analysis of BALF revealed that most of the cytokine and chemokine levels 
remained relatively flat in the lungs of both B6 and D2 mice for the first two days of acute 
infection. However, on day three significant increases in levels of several cytokines were 
observed in the lungs of either B6, D2, or both strains. Differential expression of 10 analytes (M-
CSF, G-CSF, IL-1alpha, 
IL-6, IL-12p40, IL-17, LIF, 
RANTES, KC, and 
VEGF) was observed on 
day 3 post-infection (also 
see Figure 2 and Figure 
3). On day 4 post-
infection there were 11 
analytes that appear to 
differentially expressed in 
B6 vs. D2 mice (M-CSF, 
G-CSF, IL-6, IL-12p70, 
IL-17, LIF, KC, VEGF, 
MIP-2, MCP-1, and MIG) 
and on day 5 post 
infection 10 of the 
analytes were 
differentially expressed 
by B6 vs. D2 mice (M-
CSF, G-CSF, IL-1alpha, 
KC, VEGF, MIP-2, MIG, 
Eotaxin, MIP-1alpha, and 
MIP-1beta). 

We also analyzed serum samples via Luminex-based cytokine/chemokine multiplex analysis 
(32-plex Millipore kit). Similar to our findings with the BALF, most of the cytokine levels 
remained fairly flat until three days post infection. At this timepoint, a significant elevation in 
concentration of many of the cytokines was apparent in serum of either B6, D2, or both strains 
(Figure 4). However, in contrast to what was observed in the BALF, there were only six 
analytes that appeared to be differentially expressed (IL-1beta, IL-6, IL-12p70, IL-17, MIP-
1alpha, and IL-10), and only 4 of those were statistically relevant differences (Figure 5).  
Interestingly, only three of the six analytes that were differentially expressed in the serum were 
found to be differentially expressed in the lung compartment. On day 4 post-infection, 19 of the 
analytes (Figure 4) appeared to be differentially expressed by B6 vs. D2 mice (M-CSF, IL-
1beta, IL-2, IL-5, IL-6, IL-10, IL-12p70, IL-13, RANTES, KC, MIP-2, MCP-1, MIG, Eotaxin, MIP-
1alpha, MIP-1beta, TNF-alpha, IP-10, and IFN-gamma). On day 5, only IL-12p40 appeared to 
be differentially expressed by B6 vs. D2 mice. 

	  
Figure	  2.	  Differential	  expression	  of	  cytokines	   in	  the	   lung	   compartment	  of	  
Francisella	   tularensis	   Schu	   S4-‐infected	   B6	   and	   D2	   mice.	   B6	   and	   D2	   mice	  
(35/group	  were	  challenged	  via	  intranasal	  instillation	  with	  250	  CFU	  FT	  Schu	  S4.	  
On	   day	   three	   (72	   hrs)	   post-‐infection,	   5	   mice/group	   were	   sacrificed	   and	  
bronchoalveolar	   lavage	   (BAL)	   was	   performed.	   Cytokine/chemokine	  
quantitations	   in	   BAL	   fluids	   were	   performed	   via	   Luminex-‐based	   multiplex	  
analysis	   (32-‐plex	   Millipore	   kit).	   	   Statistical	   analyses	   were	   performed	   using	  
student-‐t	  tests	  and	  p	  values	  are	  indicated.	  
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These studies have identified a large number of potential disease-state phenotypes that could 
be useful for QTL analysis and gene network modeling studies. Choosing the most appropriate 
timepoint for collecting the data will be a critical decision. Clearly, days 3 and 4 post-infection 
offer the most distinct phenotypes for QTL analysis, and the day 4 timepoint offers the largest 
number of phenotypes. However, day 3 post-infection may be the more relevant timepoint for 
evaluating the effect of disease-state cytokine/chemokine expression on the developing innate 
immune response to FT. 

 
  

	  
	  
Figure	   3.	   Kinetic	   monitoring	   of	   cytokine/chemokine	   production	   in	   the	   lung	   compartment	   of	   B6	   and	   D2	   mice	  
following	   pneumonic	   challenge	   with	   Francisella	   tularensis	   Schu	   S4.	   B6	   and	  D2	  mice	   (35/group)	  were	   challenged	   via	  
intranasal	   instillation	   with	   250	   CFU	   FT	   Schu	   S4.	   At	   the	   indicated	   time	   points	   (12,	   18,	   24,	   48,	   72,	   96,	   and	   120	   hrs	   post-‐
infection),	  mice	  were	  sacrificed	  and	  bronchoalveolar	  lavage	  was	  performed.	  Quantitation	  of	  cytokine/chemokine	  levels	  in	  the	  
BAL	  fluids	  was	  performed	  via	  Luminex-‐based	  multiplex	  analysis	  (32-‐plex	  Millipore	  kit).	  	  
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Figure	  4.	  Kinetic	  monitoring	  of	  cytokine/chemokine	  levels	  in	  the	  peripheral	  circulation	  of	  B6	  and	  D2	  mice	  following	  
pneumonic	   challenge	   with	   Francisella	   tularensis	   Schu	   S4.	   B6	   and	   D2	  mice	   (35/group)	  were	   challenged	   via	   intranasal	  
instillation	  with	  250	  CFU	  FT	  Schu	  S4.	  At	  the	   indicated	   time	  points	  (12,	  18,	  24,	  48,	  72,	  96,	  and	  120	  hrs	  post-‐infection),	  blood	  
samples	  were	   collected	   via	   submandibular	  puncture.	   Quantitation	  of	   cytokine/chemokine	   levels	   in	   the	   serum	   samples	  was	  
performed	  via	  Luminex-‐based	  multiplex	  analysis	  (32-‐plex	  Millipore	  kit).	  	  
	  

	  
	  
Figure	   5.	   Differential	   expression	   of	   cytokines/chemokines	   by	   B6	   vs.	   D2	  mice	   72-‐
hours	   post-‐infection	  with	   Francisella	   tularensis	   Schu	   S4.	   B6	   and	  D2	  mice	   (5/group	  
were	  challenged	  with	  250	  CFU	  FT	  Schu	  S4.	  Blood	  serum	  was	  collected	  via	  submandibular	  
puncture	   72-‐hours	   later.	   Cytokine/chemokine	   quantitations	   were	   performed	   via	  
Luminex-‐based	   multiplex	   analysis	   (32-‐plex	   Millipore	   kit).	   Statistical	   analyses	   were	  
performed	  using	  a	  student-‐t	  test	  and	  p	  values	  are	  indicated.	  
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Key Research Accomplishments 
 
• We have identified 16 distinct phenotypes of differential responsiveness of B6 vs. D2 mice 

to pneumonic FT infection (BAL cell numbers, 9 analytes in BALF, and 6 analytes in serum) 
on day 3 post-infection. 

• We have identified 25 distinct phenotypes of differential responsiveness of B6 vs. D2 mice 
to pneumonic FT infection (6 analytes in BALF, and 19 analytes in serum) on day 4 post-
infection. 

• We have identified 11 distinct phenotypes of differential responsiveness of B6 vs. D2 mice 
to pneumonic FT infection (10 analytes in BALF, and 1 analytes in serum) on day 5 post-
infection. 

 
 
Reportable outcomes 
 
Presentations 
1. Poster Presentation at the International Toll 2012 Meeting: Decoding Innate Immunity. 

Riva del Garda, Italy, May 4-7, 2011. Ceballos-Olveda I, Sahoo M, Bina JE, Miller MA, Re 
F. “Role of inflammasome-dependent cytokines IL-1β and IL-18 during mouse ling infection 
with virulent Francisella tularensis SchuS4” 

2. Poster Presentation at UTHSC A.A-St Jude Research Lectureship and Medical Student 
Poster Session. Wodowski A, Jayakar H, Parvathareddy J, Bina XR, Bina JE, Miller MA. 
2011. “Visualization of Intranasal Dosing Efficiency Using Luminescent Francisella 
tularensis”.  

3. Poster Presentation at Regional Centers for Excellence Meeting. Llewellen AC, Zhao J, 
Song F, Flynn K, Xu Q, Napier BA, Bina JE, Cotter PA, Swanson MS, Miller MA, Raetz 
CRH, Weiss DS. 2012. “A novel conserved deacytylase required for lipid A modification and 
Francisella virulence”. 

 
Abstracts 
 
1. Ceballos-Olveda I, Sahoo M, Bina JE, Miller MA, Re F. Role of inflammasome-dependent 

cytokines IL-1β and IL-18 during mouse ling infection with virulent Francisella tularensis 
SchuS4. In: Proceedings of the International Toll 2012 Meeting, Decoding Innate Immunity, 
Riva del Garda, Italy, May 4-7, 2011. 

2. Wodowski A, Jayakar H, Parvathareddy J, Bina XR, Bina JE, Miller MA. 2011. Visualization 
of Intranasal Dosing Efficiency Using Luminescent Francisella tularensis. In: Proceedings of 
UTHSC A.A-St Jude Research Lectureship and Medical Student Poster Session, 2011. 

3. Llewellen AC, Zhao J, Song F, Flynn K, Xu Q, Napier BA, Bina JE, Cotter PA, Swanson 
MS, Miller MA, Raetz CRH, Weiss DS. 2012. A novel conserved deacytylase required for 
lipid A modification and Francisella virulence. In: Proceedings of the Regional Centers for 
Excellence Meeting, 2012.S. Weiss. 2012. In Proceedings of the Regional Centers for 
Excellence Meeting, 2012. 

 
 
Publications 
1. Clinton SR, Bina JE, Hatch TP, Whitt MA, Miller MA. 2010. Binding and activation of host 

plasminogen on the surfact of Francisella tularensis. BMC Microbiol. 10:76 
2. Bina XR, Miller MA, Bina JE. 2011. Construction of a bioluminescence reporter plasmid for 

Francisella tularensis. Plasmid 64:156-161. 
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3. Jayakar HR, Parvathareddy J, Fitzpatrick EA, Bina XR, Bina JE, Re F, Emery FD, Miller 
MA. 2011. A galU Mutant of Francisella tularensis is Attenuated for Virulence in a Murine 
Pulmonary Model of Tularemia. BMC Microbio. 11:179. PMID:21819572 PMCID: 
PMC3173336.  

4. Miller MA, Stabenow JM, Parvathareddy J, Wodowski AJ, Fabrizio TP, Bina XR, Zalduondo 
L, Bina JE. 2012. Visualization of intranasal dosing efficiency using luminescent Francisella 
tularensis.: effect of instillation volume and form of anesthesia. PLoS ONE; 7(2):e31359. 
PMID:22384012 PMCID: PMC3286442. 

5. Napier BA, Meyer L, Bina JE, Miller MA, Sjostedt A, Weiss DS. 2012. Link between 
intraphogosomal biotin and rapid phagosomal escape in Francisella. Proc Natl Acad Sci 
USA 109(44):18084-9. PMID: 23071317 PMCID:PMC3497780. 

6. Llewellyn AC, Zhao J, Song F, Parvathareddy J, Xu Q, Napier BA, Laroui H, Merlin D, Bina 
JE, Cotter PA, Miller MA, Raetz CRH, Weiss DS. NaxD is a deacetylase required for lipid A 
modification and Francisella pathogenesis. Molecular Microbiology 86(3):611-627. 

 
 
Conclusions 
 
We have laid the groundwork for QTL analyses that could identify host genetic loci that correlate 
with differential innate immune responses to pneumonic FT infection. These differences in 
innate immunity result (at least in part) in a 5-10 fold difference in bacterial burdens between B6 
and D2 mice. Our results have also shown quite nicely that the innate response to FT challenge 
is significantly delayed compared to most infection models. Most of the cytokine levels in both 
B6 and D2 mice remained relatively flat until day three post-infection. This is unusual and in 
stark contract to the other two bacterial pathogens we have discussed in this progress report 
(Acinetobacter baumannii and Burkholderia pseudomallei). 
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Acinetobacter baumannii project 
 
 
In the progress report from September 2010, we reported that we were 
having difficulty establishing pulmonary infection with Acinetobacter 
baumannii (Ab) that resulted in disease symptoms in either of the 
parental mouse strains. We performed a series of experiments using 
cyclophosphamide treatment in an effort to reduce the innate response 
to Ab in hopes of establishing a disease state in one or both of the 
parental strains. We were unable to establish symptomatic infections 
using this approach. 
 
In an effort to identify a differential phenotype in the parental strains 
following pulmonary infection with Ab, we initiated studies to evaluate a 
series of immune parameters within the lung following intranasal 
infection with Ab. We performed time-course studies in which mice 
were infected with 1 x 106 CFU of Ab, and then a subset of the mice 
were sacrificed every 24 hours, bronchiolar lavage (BAL) was 
performed, and flow cytometric analyses was performed to determine 
the frequency of neutrophils within the BAL cell population. 
 
The results of these studies have revealed that there is a significant 
difference in the recruitment of immune cells to the peritoneal cavity of 
B6 vs. D2 mice 24 hours after intranasal challenge (Figure 1). No 
differences were observed in mice sacrificed at later timepoints (data 
not shown). Flow cytometric analysis revealed that the bulk of the cells 
recruited to the lungs of D2 mice were 
neutrophils (data not shown). 
 
We have initiated a series of studies using 
several lung parameters as phenotypic 
readouts for BXD analyses. Based on the data 
shown in Figure 1, recruitment of cell to the 
lungs is the one of the phenotypes of interest 
and is the one that we have concentrated most 
of our efforts on to this point.  We have 
performed screening with 25 BXD strains (all 
between 10-12 weeks old) and have found that 
several of the BXD strains are phenotypically 
similar to D2 mice, some are phenotypically 
similar to B6 mice, and several strains display 
intermediate phenotypes (Figure 2). Some of 
the group sizes are too small to yield 
statistically relevant findings, and additional 
studies will be performed with these strains as 
mice of the appropriate age become available. 
Interval mapping (using GeneNetwork.org) 
using this cohort of animals reveals a 
suggestive QTL on chromosome 10 (Figure 3). 
We have established breeding cages for 
additional strains that will be used to continue 

 

 
Figure 2. Differential recruitment of immune cells into the lungs 
of BXD strains following pulmonary infection with Acinetobacter 
baumannii.  BXD mice were challenged with 1 x 107 CFU Ab via the 
intranasal route. The mice were sacrificed 24 hr later and bronchiolar 
lavage (BAL) was performed. BAL cells were counted using a Scepter 
cell counter. Statistical analysis was performed using one-way 
ANOVA using Dunnett post tests to compare each of the BXD strains 
with the C57Bl/6 (statistical significance is indicated in black) and with 
the DBA/2J mice (statistical significance indicated in brown). Statistical 
significance is as follows: p<0.05 *, p<0.01 **, and p<0.001 ***. 

 
 
Figure 1. Differential recruitment 
of immune cells into the lungs 
following pulmonary infection with 
Acinetobacter baumannii.  Mice 
(4/group) were challenged with either 
1 x 106 CFU Ab via the intranasal 
route. The mice were sacrificed 24 hr 
later and bronchiolar lavage (BAL) 
was performed. BAL cells were 
counted using a hemocytometer. 
Statistical analysis was performed 
using an unpaired t-test. 
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this line of investigation and to 
confirm/narrow the interval on 
chromosome 10 that appears to 
correlate with the differential 
innate immune responses of B6 
and D2 mice following 
Acinetobacter infection. 
 
We have also been collecting 
bronchiolar lavage fluids 
(BALF) and serum samples 
upon sacrifice of each of the 
mice shown in Figure 2. Each 
of the samples will be subjected 
to multiplex cytokine 
quantitative analyses using a 
Luminex 32-plex 
cytokine/chemokine kit. 

Approximately half of the BALF samples have already 
been analyzed and it is apparent that there are 
significant differences in the production of a number of 
the analytes by the parental and BXD strains following 
Ab infection. In BALF samples, we have observed 
differences in production of 24 of the 32 analytes 
tested (IFN-g, IL-1a, IL-1b, IL-2, IL-4, IL-3, IL-6, G-
CSF, IL-9, IL-10, IL-12p40, IL-12p70, LIF, IL-13, LIX, 
IL-15, IL-17, IP-10, KC, M-CSF, MIP-2, MIG, VEGF, 
TNF-a). Interval mapping of these differential 
cytokine/chemokine phenotypes have identified several 
QTL that correlate with differential expression of many 
of these cytokines. The most commonly observed 
QTLs are on chromosomes 5 (centered at 
approximately 100Mb) and 6 (centered at 
approximately 26Mb). As shown in figure 4, either 
significant or suggestive QTLs were observed for each 
of the cytokines at a similar region of chromosome 5, 
and suggestive QTLs were observed at a similar region 
of chromosome 6 for four of the six cytokines shown. 
 
We surveyed the genes that are within the suggested 
interval of chromosome 5 in an effort to identify genes 
that have obvious roles in the production of immune 
responses (Figure 5). Many of the prospective genes 
that were identified are likely to play a role in innate 
resistance to bacterial pathogens.  For example, 
Cmklr1, a genetic locus on chromosome 5, encodes 
chemokine-like receptor-1.  This receptor is expressed 
on a number of immune cells including plasmacytoid 
dendritic cells, myeloid dendritic cells, macrophages, 
and NK cells [1].  After activation of this receptor, these 

 
Figure 3. Interval map using recruitment of cells to the lungs of 
Acinetobacter-infected mice as the query phenotype. A cohort of mice 
which includes 25 BXD strain were infected intranasally with 1 x 107 CFU of 
Acinetobacter baumannii. Twenty-four hous later, the maice were sacrificed 
and bronchiolar lavage was performed on each mouse. The number of cells 
collected from the lungs of each mouse was determined and used as a 
phenotypic readout for differential innate responsiveness to Acinetobacter. 
Interval mapping was performed using the in silico resources within 
GeneNetwork.org. to identify genetic loci that correlate with differential 
recruitment of immune cells to the lungs of infected mice. 

 
Figure 4. Interval mapping of a panel of 
differentially expressed cytokines/ 
chemokines. Interval mapping was performed 
using the in silico resources within 
GeneNetwork.org to identify genetic loci that 
correlate with differential disease-state expression 
of IL-5, IL-6, IL-10, IL-12p70, IL-15, and M-CSF in 
the lungs of Acinetobacter-infected mice. 
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cells synthesize and secrete a number 
of proinflammatory cytokines, including 
IL-6 and TNFα [2].  Activation of this 
receptor causes initiation of signaling 
cascades such as ERK1 and NF-kB [3].    
 
 
Gpr81, which encodes G-protein 
coupled receptor (GPCRs) 81, was 
also found within the loci of the 
suggestive QTL on chromosome 5.  
GPCRs are expressed on inflammatory 
cells such as polymorphonuclear 
leukocytes, monocytes and 
macrophages for classic 
chemoattractants and chemokines.  
These receptors also play a crucial role 
in the migration of phagocytes to sites 
of inflammation [4]. 
Other genes of interest that lie within 
this locus encode the IL-31 receptor 
and neutrophil cytostolic factor (IL-31r 
and NCF1respectively).  The IL-31 
receptor is expressed on a number 
of cell types including monocytes, 
epithelial cells and T cells and has 
role in limiting type 2 inflammation in 
the lung [5, 6].   NCF1 encodes 
neutrophil cytostolic factor (p47hox).  
This protein has been implicated as 
a regulator for IL-4 signaling 
pathways that are important for 
macrophage cell fate choice. 
Furthermore, this protein is a 
subunit of the NADPH oxidase 
enzyme complex, which plays an 
essential role in the function of 
phagocytes [7].   
 
Genes of interest within the interval 
identified on chromosome 6 (Figure 
6) include Irf5, which encodes the 
protein interferon regulatory factor 
5.  This protein binds to specific 
regions of DNA that regulate the 
activity of genes that produce 
interferons and other cytokines.  Irf5 has also been shown to stimulate the activity of natural 
killer cells [8].   Another gene of interest within this QTL is NRF1 (Nuclear respiratory factor-1) 
gene that is an early phase component of the host antibacterial defenses [9]. 
 

	  
	  
Figure 5. Identity of host genes encoded within the 
suggestive QTL on chromosome 5 that may be potentially 
involved in immune processes.  Genes that are potentially 
involved in immune processes are listed in blue.  
 

	  
Figure 6. Identity of host genes encoded within the suggestive 
QTL on chromosome 6 that are potentially involved in immune 
processes.  Genes that are potentially involved in immune 
processes are listed in blue. 
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Linkage analysis of several other cytokine 
phenotypes identified suggesting QTLs on 
chromosome 12 (Figure 7), significant and 
suggestive QTLs of chromosome 15 (Figure 8), 
and a significant QTL on chromosome 19 
(Figure 9). Genes within the identified interval 
on chromosome 19 (Figure 10) that are of 
immediate interest include secretoglobin, and T-
cell immune regulator (Tcirg1).  Secretoglobins 
modulate inflammatory and immunologic 
responses to the environment at mucosal 
surfaces and inside the body and are associated 
with increased bronchial inflammation [10]. This 
multi-functional protein with anti-
inflammatory/immunomodulatory properties has 
been implicated to have a homeostatic role 
against oxidative damage, inflammation, 
autoimmunity and cancer [10, 11]. Tcirg1 is a 
membrane protein that is induced after immune 
activation on the surface of certain peripheral 
human T and B cells as well as monocytes and 
IL-10 expressing T-cells.  This gene has implicated in inhibiting T-cell proliferation by modulation 
of CTLA-4 expression [12]; of course, this function is unlikely to have any role in the innate 
response to Acinetobacter. Loci included the significant QTL region on chromosome 19 also 
encode several G-protein coupled receptors that as previously stated, are important for the 
migration of phagocytes.    
 
Dr. Cui has performed a preliminary analysis of 
these data (only 17 BXD strains) and has 
identified a significant correlation between the 
levels of a number of these cytokines (Figure 11) 
and has identified three genetic genomic 
locations [Chr 6 near 65 Mb (mCV22576656), 
Chr 14 near 43 Mb (rs13482156), and Chr 19 
near 51 Mb (rs3716572)] that each impact the 
level of several cytokines.  We performed 
principal components analysis of the cytokines 
with an absolute correlation greater than 0.7 for 
the three loci and mapped the first principal 
component of each of the groups of cytokines 
(Figure 12). The first principal component of 
each of the sets of cytokines has a significant or 
highly suggestive QTL at the marker location.  
Several genes at these three loci, including a 
cluster of immunoglobulin kappa (IGK) genes on 
Chr 6, Mbl1 and Bmp4 on Chr 14, and Nfkb2 on Chr 19, have been previously associated with 
immune responses.  These locations are promising starting points for developing network 
models that explain variation in response to infection with Acinetobacter. We have also begun to 
analyze serum samples collected from this cohort of mice (13 strains) and have observed 
differences in the levels of 14 of the analytes tested (eotaxin, G-CSF, IFN-g, IL-1a, M-CSF, IL-6, 
IL-13, KC, LIX, MIP-1a, MIP-1b, RANTES, and TNFa). Preliminary analyses of these data 

	  
Figure 7. Interval mapping of a differentially 
expressed cytokines/ chemokines. Interval 
mapping was performed using the in silico 
resources within GeneNetwork.org to identify 
genetic loci that correlate with differential disease-
state expression of TNF-alpha, MIP-2, and G-CSF 
in the lungs of Acinetobacter-infected mice. 

 

	  
Figure 8. Interval mapping of phenotypic data 
from differentially-expressed cytokines/ 
chemokines. Interval mapping was performed 
using the in silico resources within 
GeneNetwork.org to identify genetic loci that 
correlate with differential disease-state expression 
of IL-1beta and IL-17 in the lungs of 
Acinetobacter-infected mice. 
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suggest that the loci on Chr 6 (mCV22576656) and Chr 14 (rs13482156) that were shown to 
influence the levels of cytokines in the 
BALF are also correlated with cytokine 
levels in the serum (data not shown). 
 

	  
	  

Figure 10. Identity of host genes encoded within the 
suggestive QTL on chromosome 19 are potentially 
involved in immune processes.  Genes that are 
potentially involved in immune processes are listed in blue. 
 

	  
Figure 9. Interval mapping of phenotypic data 
from differentially-expressed cytokines/ 
chemokines. Interval mapping was performed 
using the in silico resources within 
GeneNetwork.org to identify genetic loci that 
correlate with differential disease-state expression 
of IL-1alpha and LIX in the lungs of Acinetobacter-
infected mice. 

 

	  

	  
Figure	  12.	  QTL	  mapping	  of	  first	  principal	  component	  for	  
cytokines	  correlated	  (Pearson	  correlation	  coefficient	  >	  0.7)	  with	  
mCV22576656	  (top),	  rs13482156	  (middle),	  and	  rs3716572	  
(bottom).	  

1

	  
Figure	  11.	  Correlation	  network	  for	  cytokine	  levels	  in	  the	  BALF	  of	  
BXD	  strains	  infected	  with	  Acinetobacter	  baumannii.	  	  Three	  genotype	  
markers	  (red	  boxes)	  on	  chromosomes	  6,	  14,	  and	  19	  are	  highly	  
correlated	  with	  several	  cytokines.	  Pearson’s	  correlation	  coefficient	  
greater	  than	  0.7	  (solid	  lines)	  are	  shown.	  



	   17	  

 
We have also begun to analyze serum samples collected from this cohort of mice and have 
observed differences in the levels of 14 analytes of the analytes tested (eotaxin, G-CSF, IFN-g, 
IL-1a, M-CSF, IL-6, IL-13, KC, LIX, MIP-1a, MIP-1b, RANTES, and TNFa; data not shown). In 
summary, we have identified 38 phenotypes that may be useful in our search for host genetic 
elements that lead to differential innate immune responsiveness of B6 vs. D2 mice following 
infection with Acinetobacter baumannii. 
 
 
Key Research Accomplishments: 
• We have confirmed that B6 and D2 mice produce differential innate immune responses to 

pneumonic Ab infection 
 
• We have identified a suggestive QTL on chromosome 10 that appears to correlate with the 

differential recruitment of immune cells to the lungs in response to pneumonic Acinetobacter 
infection.  

 
• We have identified putative QTL’s (chromosomes 5, 6, and 19) that correlate with a disease-

state expression of a series of cytokines/chemokines in the lung compartment of 
Acinetobacter-infected. 

 
• We have identified 39 total phenotypes that include cell recruitment  to the lungs, differential 

expression of 24 cytokines/chemokines in the lung compartment, and 14 
cytokine/chemokines that are differentially expressed in the circulation (serum) of acutely 
infected mice.  

 
 
Reportable outcomes 
Presentation 
1. Poster Presentation at UTHSC A.A-St Jude Research Lectureship and Medical Student 

Poster Session, 2012. “Host Genetic Loci Correlating with Differential Innate Immune 
Responsiveness to Acinetobacter baumannii infection”. 

 
Abstract 
1. Sneed A, Parvathareddy J, Emery FD, Cui Y, Williams R, Miller MA. Host Genetic Loci 

Correlating with Differential Innate Immune Responsiveness to Acinetobacter baumannii 
infection. In: Proceedings of UTHSC A.A-St Jude Research Lectureship and Medical 
Student Poster Session, 2012. 

 
Publication 
1. Emery F, Parvathareddy J, Van Hoang K, Cui Y, Williams RW, Miller MA. Quantitative trait 

loci that correlate with differential innate immune responses produced by mice suffering from 
acute pulmonary Acinetobacter baumannii infection. PLoS One (manuscript in preparation). 

 
 
Conclusions:  
We have identified a large number of clear phenotypic differences between the innate 
responsiveness of B6 and D2 mice to pulmonary infection with Acinetobacter baumannii. We 
have initiated studies in a cohort of BXD strains and hope to identify host genes that correlate 
with the differential responsiveness of the parental strains to Acinetobacter. Although we have 

2
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only completed analyses of relatively few BXD strains, we have already identified a significant 
correlation between several cytokines produced in the lungs and the differential responsiveness 
of B6 vs. D2 mice to Acinetobacter infection. Moreover, we have preliminarily identified a 
genetic locus on chromosome 10 that correlates with differential recruitment of immune cells to 
the lungs and four loci (on chromosomes 5, 6, 12, and 19) that appear to correlate with 
differential production of a number of cytokines/chemokines following pneumonic infection. 
Identification of this large panel of queriable phenotypes will allow for very interesting network 
modeling that has potential to identify gene networks that are involved in a variety of innate 
immune responses to Acinetobacter infection. 

References: 

1. Zabel, B.A., A.M. Silverio, and E.C. Butcher, Chemokine-like receptor 1 expression and
chemerin-directed chemotaxis distinguish plasmacytoid from myeloid dendritic cells in
human blood. Journal of immunology, 2005. 174(1): p. 244-51.

2. Zabel, B.A., et al., Chemokine-like receptor 1 expression by macrophages in vivo: regulation
by TGF-beta and TLR ligands. Experimental hematology, 2006. 34(8): p. 1106-14.

3. Bondue, B., et al., ChemR23 dampens lung inflammation and enhances anti-viral immunity
in a mouse model of acute viral pneumonia. PLoS pathogens, 2011. 7(11): p. e1002358.

4. Sun, L. and R.D. Ye, Role of G protein-coupled receptors in inflammation. Acta Pharmacol
Sin. 33(3): p. 342-50.

5. Perrigoue, J.G., et al., IL-31-IL-31R interactions negatively regulate type 2 inflammation in
the lung. The Journal of experimental medicine, 2007. 204(3): p. 481-7.

6. Perrigoue, J.G., et al., IL-31-IL-31R interactions limit the magnitude of Th2 cytokine-
dependent immunity and inflammation following intestinal helminth infection. Journal of
immunology, 2009. 182(10): p. 6088-94.

7. Yi, L., et al., p47(phox) directs murine macrophage cell fate decisions. The American journal
of pathology, 2012. 180(3): p. 1049-58.

8. Paun, A., et al., Functional characterization of murine interferon regulatory factor 5 (IRF-5)
and its role in the innate antiviral response. The Journal of biological chemistry, 2008.
283(21): p. 14295-308.

9. Suliman, H.B., et al., Co-regulation of nuclear respiratory factor-1 by NFkappaB and CREB
links LPS-induced inflammation to mitochondrial biogenesis. Journal of cell science, 2010.
123(Pt 15): p. 2565-75.

10. Heinzmann, A., Association of uteroglobulin-related protein 1 with bronchial asthma. Int.
Arch. Allergy Immunology, 2003. 131(4): p. 291-295.

11. Chiba, Y., T. Kusakabe, and S. Kimura, Decreased expression of uteroglobin-related protein
1 in inflamed mouse airways is mediated by IL-9. American journal of physiology. Lung
cellular and molecular physiology, 2004. 287(6): p. L1193-8.

12. Bulwin, G.C., et al., TIRC7 inhibits T cell proliferation by modulation of CTLA-4 expression.
Journal of immunology, 2006. 177(10): p. 6833-41.



	   19	  

Burkholderia pseudomallei project 
 
Our initial studies with a pneumonic challenge model (intranasal instillation) confirmed the 
previously published observation that B6 mice are more resistant than D2 mice to Bp infection. 
We found that following intranasal instillation of 50 CFU of Bp strain 1026b, D2 mice typically 
succumbed to infection by day 4 post-infection while B6 mice survived the infection. Subsequent 
studies showed that the same results were 
obtained with challenge doses of up to 200 
CFU/mouse.  
Based on these findings, we initiated forward 
genetics studies with a cohort of BXD strains 
in an effort to identify host genetic loci that co-
vary with the differential susceptibility 
observed in the parental strains. We screened 
a cohort of 35 BXD strains for susceptibility to 
pneumonic Bp infection. Groups of male mice 
were challenged with 50-100 CFU of Bp (from 
a diluted frozen stock) via intranasal instillation 
and then monitored for weight retention and 
survival. B6 and D2 mice were included in 
each of the 19 experiments that have been 
performed, and the D2 mice were always the 
last group to be challenged to ensure the 
“potency” of the challenge stock throughout 
the instillation process.  We found that several 
of the BXD strains were highly susceptible to 
Bp (similar to D2 mice), others were relatively 
resistant to Bp (similar to B6 mice), and 
several strains displayed intermediate 
phenotypes (Figure 1A). Interval mapping 
(see Modeling Core description) using this 
cohort of animals revealed a significant QTL on chromosome 5 and suggestive QTLs on 
chromosomes 7 and 14 (Figure 1B) that co-vary with differential susceptibility / resistance to 
Bp. These findings indicated that susceptibility / resistance to Bp infection is a complex trait. 
Using a combination of genetic analyses (QTL mapping) and normative genomic/gene 
expression data from various tissues, we have identified several potential candidate genes 
within the interval on chromosomes 5, 7, and 14 that appear to be covariant with differential 
susceptibility to Bp infection (Figure 2). There are several genes within the QTL interval on 
chromosome 5 that appear to be strong candidate genes that are known to have roles in 
immunological processes. For instance, the cox18 gene encodes a mitochondrial inner 
membrane protein that is involved with cytochrome C assembly. It is known that mutation of 
Cox18 results in deficient cytochrome C oxidase activity that, in turn, eliminated activation of cell 
surface receptors involved in apoptosis (Souza et al, 2000) a process that is essential for 
limiting replication of some intracellular bacterial pathogens (Ceballos-Olvera et al, 2007; Ying 
et al, 2008). Another candidate gene in the interval, G3bp2, encodes GTPase activating protein-
binding protein 2. This protein is known to interact with IκBα  and has been implicated in the 
regulation of NF-κB (Prigent et al, 2000). The NF-κB family of transcription factors is a group of 
evolutionarily conserved proteins involved in lymphoid organogenesis, development of immune 
cells (Wong and Tergaonkar, 2009) and the coordination of many aspects of innate and 
adaptive immunity to infection. The Cxcl11 gene encodes the chemokine C-X-C motif ligand 11. 
Expression of CXCL11 protein is high in peripheral blood leukocytes, liver and pancreas, with 

	  
Figure	   1.	   Interval	   map	   using	   survival	   of	   pneumonic	   challenge	   with	  
Burkholderia	   pseudomallei	   as	   the	   query	   phenotype.	   A	   cohort	   of	   male	   mice,	  
which	   included	   35	   BXD	   strains,	   was	   infected	   intranasally	   with	   50-‐100	   CFU	   of	  
Burkholderia	  pseudomallei.	  	  Infected	  mice	  were	  monitored	  for	  survival	  for	  up	  to	  11	  
days	   post-‐infection	   and	   those	   that	   survived	   infection	   were	   given	   a	   value	   of	   “1”	  
while	  those	  that	  succumbed	  to	  infection	  received	  a	  value	  of	  “0”	  (Panel	  A).	  Interval	  
mapping	  was	  performed	   using	   the	   in	   silico	   resources	  within	  GeneNetwork.org	   to	  
identify	  genetic	  loci	  that	  correlated	  with	  survival	  (Panel	  B).	  
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modest levels in thymus, spleen 
and lung (Cole et al, 1998).  
CXCL11 expression is strongly 
increased in response to IFN-α 
or IFN-γ, and is involved in the 
recruitment of Th1 lymphocytes 
to sites of inflammation 
(Antonellia et al, 2013). This 
gene may be of importance 
because the attraction of 
leukocytes to tissues is 
essential for inflammation and 
the host response to infection 
(Luster 1998). Finally, Bmp2k 
(the gene that encodes BMP-2-
inducible kinase) is also found 
within this QTL. Bone 
morphogenic proteins (BMPs) 
have no known role in immune 
responses, but they are known 
to play a key role in skeletal 
development and patterning 
(Hoffmann and Gross, 2001) 
and have been implicated in lung development, and adult lung homeostasis (Sountoulidis et al, 
2012). None of the candidate genes with the highest correlation indices within the QTL on 
chromosome 7 (Tubgcp5, Nipa1, and Snurp) have any obvious role in host immune responses. 
Tubgcp5 encodes a protein (gamma complex-associated protein 5) that has essential roles in 
mitotic spindle formation (Oakley et al, 1990; Xiong and Oakley, 2009) and microtubule 
nucleation and organization (Murphy et al, 2001; Xiong and Oakley, 2009). Nipa1 encodes a 
protein (Prader Willi/Angelman syndrome 1 homolog) that plays a role in nervous system 
development and maintenance (Entrez Gene), and may function as a receptor or magnesium 
transporter (Goytain et al, 2007). Snurp encodes a protein (small nuclear ribonucleoprotein N) 
that is involved in transcriptional modification of RNA (Valadkhan, 2005). None of the candidate 
genes within the chromosome 14 interval appear to have roles in immune responses either, and 
they all have similar correlation indices; additional BXDs with break points within this interval will 
need to be added to the analysis to identify the most likely candidates. 

	  
Figure 2.  Interval maps of chromosome 5 (highly significant QTL), chromosome 7 (suggestive QTL, 
and chromosome 14 (suggestive QTL). Candidate genes within each interval are indicated in the 
table to the right along with their LRS score and their relative expression levels in normative tissues. 
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Interestingly, females from several of the 
BXD strains as well as female D2s were 
significantly more resistant to pneumonic 
Bp infection than their male counterparts. 
We are hopeful that identification of 
additional strains with this differential sex-
related phenotype will lead to identification 
of correlating host genetic factor(s). We 
have also initiated studies to identify 
additional Bp disease-state phenotypic 
differences between the parental strains. 
Parental mice were challenged with 100 
CFU via intranasal instillation and then 
sacrificed 24 hours later for collection of 
blood serum and bronchoalveolar lavage. 
BAL cells and BAL fluids/serum were 
collected from each mouse and subjected 
to flow cytometric analysis and multiplex 
cytokine/chemokine analysis (32-plex), 
respectively. Neutrophil recruitment was 
significantly higher (p=0.03) in D2 
(compared to B6; data not shown). 
Multiplex cytokine analysis identified six 
analytes from the BALF and five analytes 
from the serum whose Bp disease-state 
levels were significantly different between 
the two parental mouse strains (Figure 3). 
Similar preliminary studies with a cohort of 
BXD strains suggested that we will be able 
to exploit these additional phenotypes as 
well as some additional lung cell phenotypes and cytokine/chemokine phenotypes (data not 
shown) for forward genetic analyses. 
 
 
Reportable outcomes 
Presentations 
1. Poster Presentation at the International Toll 2012 Meeting: Decoding Innate Immunity. 

Riva del Garda, Italy, May 4-7, 2011. Sahoo M, Ceballos-Olveda I, Bina JE, Miller MA, Re F. 
“Critical role of the NLRC4 inflammasome and IL-18 during mouse lung infection with 
virulent Burkholderia pseudomallei”. 

 
Abstracts 
1. Sahoo M, Ceballos-Olveda I, Bina JE, Miller MA, Re F. Critical role of the NLRC4 

inflammasome and IL-18 during mouse lung infection with virulent Burkholderia 
pseudomallei. In: Proceedings of the International Toll 2012 Meeting, Decoding Innate 
Immunity, Riva del Garda, Italy, May 4-7, 2011. 

 
Publications 
1. Ceballos-Olvera I, Sahoo M, Miller MA, del Barrio L, Re F. 2011. Inflammasome-dependent 

Pyroptosis and IL-18 Protect against Burkholderia pseudomallei Lung Infection while IL-1β 
Is Deleterious. PLoS Pathog 7(12): e1002452. 

	  
	  

	  
	  
Figure	  3.	  Differential	  disease-‐state	  cytokine	  expression	  in	  the	  lung	  compartment	  
and	  in	  the	  peripheral	  circulation	  during	  acute	  Burkholderia	  infection	  of	  BXD	  
parental	  mouse	  strains.	  	  BXD	  mice	  were	  challenged	  with	  100	  CFU	  Bp	  strain	  1026b	  via	  
the	  intranasal	  route,	  sacrificed	  24	  hr	  later,	  and	  bronchoalveolar	  lavage	  (BAL)	  and	  serum	  
collection	  was	  performed.	  Multiplex	  cytokine/chemokine	  analysis	  (32-‐plex)	  was	  
performed	  on	  BAL	  fluids	  (Top	  Panel)	  and	  serum	  samples	  (Bottom	  Panel).	  Statistical	  
analysis	  was	  performed	  using	  unpaired	  student-‐t	  tests.	  Statistical	  significance	  is	  as	  
follows:	  p<0.05	  *,	  p<0.01	  **,	  and	  p<0.001	  ***.	  
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2. Emery F, Parvathereddy J, Williams, RW, Miller, MA. Identification of Quantitative Trait
Loci Correlating With Differential Susceptibility of Mice to Pneumonic Burkholderia
pseudomallei Infection. PLoS One. (manuscript in preparation).

Conclusions 
We have identified a significant QTL on chromosome 5 and two suggestive QTL on 
chromosomes 7 and 14 that are linked with differential susceptibility to pneumonic Bp infection. 
We have also identified 12 additional Bp disease-state phenotypic differences between the 
parental strains that should be useful in our search for host genetic elements that lead to 
differential innate immune responsiveness to infection with Bp. 
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Studies with SARS-CoV 

Investigation of SARS-Coronavirusis important since SARS-like pandemics remain a significant 
global health threat and information concerning the genetics of host disease susceptibility will 
inform us of methods that will be critical in managing large affected groups of people should a 
SARS-like pandemic arise. SARS-CoV is classified as an NIAID category C priority pathogen 
and due to its high pathogenicity, it was added to the list of HHS Select Agents in December 
2012. Following the Guidance on the Inventory Requirements for Select Agents and Toxins, we 
have established a detailed inventory of our SARS-CoV (both Urbani and MA15) stocks and 
SARS-CoV-infected samples. 

Our studies were focused on dissecting the host genetic basis and key virus-host interactions 
that determine disease severity of SARS using the ARI BXD strain set. Details of work 
accomplished from our studies during the period supported by the grant are provided below. 

In the first year, we completed the Material Transfer Agreements with CDC and NIH for 
transferring the wild-type (Urbani strain) and mouse adapted (MA-15) SARS coronaviruses to 
UTHSC and obtained both viruses. The personnel engaged in the SARS project obtained DOJ 
clearance and were approved for access to select agents and/or toxins. They were enrolled in 
the UTHSC Animal Care and Use Occupational Health & Safety Program and fit-tested. 
Personnel received initial and annual refresher BSL-3 and select agent training. Personnel were 
SRA-approved, listed on the registration with DSAT, and received didactic and hand-on training 
by the Regional Biosafety Laboratory (RBL) biosafety officer and designated experienced users. 

In a related project, we characterized the interferon (IFN) antagonism mediated by the papain-
like proteases (PLPs) of two important human coronaviruses, SARS-CoV and NL63, in 
collaboration with S. Baker at Loyola University - Chicago. The results showed that the PLP2 of 
NL63, like what we have previously demonstrated for the PLP of SARS-CoV, blocks IFN 
induction by inhibiting the activation of IFN regulatory factor-3 (IRF3), a latent transcription 
factor pivotal for type I IFN synthesis. Furthermore, the PLP IFN antagonism is enhanced by, 
but is not strictly dependent on, the catalytic activity of the PLP enzyme. Results from these 
studies were published in J. Virology 2010. 

In year 2, we grew the wild-type SARS-CoV (Urbani strain) stocks and determined their 
infectious titers. However, we encountered some difficulty in obtaining high-titer stocks for the 
mouse-adapted MA-15 virus – in the first couple of attempts the MA-15 virus only grew to titers 
in the 105 TCID50/ml range in Vero-E6 cells. We thus spent some time optimizing the conditions 
for propagating the MA-15 virus. We finally worked out the conditions for generating MA-15 
virus≥ 2 X 106 TCID50/ml and scaled up the culture to produce large quantity of virus stocks for 
the animal experiments.  

In a related project, we continued the collaborative studies with S. Baker and Z. Chen (Beijing 
Institute of Radiation Medicine) on the mechanisms by which coronavirus PLPs inhibit IRF3-
dependent innate immune responses. It was found that PLPs of SARS-CoV and NL63 associate 
with stimulator of interferon genes (STING), an adaptor protein in the IRF3 activation pathway, 
and that this interaction disrupts the assembly of signaling complexes involving MAVS, STING 
and IKKε and ubiquitination of these signaling molecules, both of which are required for viral 
activation of IRF3. These results were described in a paper published in PLoS One 2012.  

In year 3, we performed animal studies to determine the differential susceptibility/resistance of 
mouse genotypes to SARS-CoV infection. To determine whether the BXD strain set is suitable 
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as a model system to dissect factors modulating SARS pathogenesis and disease severity, we 
investigated whether the parental strains, B6 and D2, differ in their susceptibilities to SARS-CoV 
infection. First, we examined our existing 
transcriptome data on the B6 and D2 strains and 
found that angiotensin converting enzyme 2 
(ACE2), which is the entry receptor for SARS-
CoV (Li et al, 2003), is expressed at comparable 
levels between these two parental strains (data 
not shown), excluding the possibility of ACE2 
expression level as a confounding factor. We 
then challenged groups of 10-week old B6 and 
D2 strains via the intranasal route with 105 TCID50 
of the mouse-adapted MA15 virus (diluted in 50-
µl PBS), and monitored mice for weight change 
and viral replication in the lungs for 9 days. As 
controls, we also inoculated 4 mice each strain 
with culture supernatants of Vero-E6 cells (the 
cell host for propagating the MA15 virus inocula) 
diluted in PBS. As shown in Fig. 1, neither B6 nor 
D2 strain receiving control inocula (i.e., mock 
infection) lost weight during the 9-day observation 
period, indicating that the light anesthesia and 
intranasal challenge procedures do not produce 
appreciable adverse effects on these mice, nor do the constituents in culture medium of Vero-
E6 cells. In contrast, there was significant weight loss in both strains infected with the MA15 
virus. B6 strain lost a little over 10% of their initial weight at 2-3 days post infection (d.p.i), 
followed by a relatively fast recovery starting on day 4. On 8-9 d.p.i., the B6 strain had regained 

weight to nearly pre-infection levels. This was 
similar to what was reported by Sheahan et al. 
In contrast, D2 strain had substantially more 
weight loss at 3-5 d.p.i. than B6 strain, and 
these mice did not start to recover until after 6 
d.p.i. In addition, a total of two D2 mice died on 
3 and 5 d.p.i., after losing 18% and 25% weight, 
respectively. Analyses of infectious viral titers in 
lung homogenates from a subset of infected 
mice revealed high levels of pulmonary viral 
replication in both strains for the first 4 d.p.i. 
(Fig. 2), with D2 strain harboring consistently 2-
3 fold higher levels of viral replication. Strikingly, 
while lung viral titers had dropped to the 103 
TCID50/g tissue range in B6 strain at 5 d.p.i., 
viral replication remained high (at >105 TCID50/g 
levels) in D2 strain. The 62-fold higher level of 
viral replication in D2 strain compared with B6 

strain at this time point was consistent with the sustained weight loss seen in D2 strain at 5 d.p.i. 
(Fig. 1). Of note, when sacrificing mice for tissue collection, we consistently observed higher 
frequency of lung lobe consolidation in infected D2 mice than in infected B6 mice (data not 
shown).  
 
 

Fig. 1. Weight change of C57BL/6J and DBA/2J mice 
following challenge with mouse-adapted SARS-CoV, 
MA15. C57BL/6J (n=26) and DBA/2J (n=28) mice were 
inoculated with 105 TCID50 of MA15 virus in PBS via the 
intranasal route. Control mice (Mock, 4/group) received 
Vero-E6 culture supernatant diluted in PBS. Mice were 
monitored daily for weight change and a subset of infected 
mice (3-5/group) were sacrificed on 1, 2, 3, 4, 5, and 9 days 
post infection for evaluation of viral replication in the lungs 
(see Fig. 2). Asterisk denotes 1 mouse (DBA/2J) death 
observed on 3 and 5 days post infection, respectively.
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Fig. 2. Viral replication in the lungs of C57BL/6J and 
DBA/2J mice intranasally challenged with 105 TCID50 
of MA15 virus. Data shown are infectious viral titers in 
lung tissues from 3-5 mice/strain at each time point. 
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When the infection dose was increased to 5X105 TCID50, there was no significant increase in 
the frequency of lethal infection in D2 strain, 
although weight loss was substantially 
prolonged (Fig. 3). In contrast, the weight 
loss kinetics in the vast majority of infected 
B6 strain followed a trend similar to that 
seen in low dose challenge (105 TCID50, see 
Fig. 1), although we began to see a small 
number of deaths in the B6 group (two mice 
in total) at this high infection dose. 
Collectively, data from these experiments 
suggest that 1) D2 strain is substantially 
more susceptible to MA15 virus infection 
than B6 mice, as evidenced by developing a 
more severe disease (more substantial 
weight loss) and supporting higher and 
prolonged viral replication in the lung; 2) 
death/survival cannot be used as a 
phenotypic readout to differentiate between 
the two strains following infection by MA15 
virus, which causes typically non-lethal 
disease in both strains (although more casualty was observed in MA15-infected D2 strain); and 
3) Pathogen load (i.e., viral replication in the lung) around 5 d.p.i and weight loss around 3-5
d.p.i are good candidate infection markers that distinguish between B6 and D2 strains, although 
the challenge dose of MA15 virus and the time points that maximize the differences between the 
two parental strains for these phenotypes may need to be optimized. Taken together, the 
substantial difference in susceptibility to MA15 virus infection between the parental B6 and D2 
strains support the feasibility of using the ARI BXD genotype set to identify host 
genes/pathways and molecular nodes/links that regulate the pathogenesis of and differential 
host responses to SARS-CoV infection. 

Reportable outcomes 
Publications 
1. Clementz MA, Chen Z, Banach BS, Wang Y, Sun L, Ratia K, Baez-Santos YM, Wang J,

Takayama J, Ghosh AK, Li K, Mesecar AD, Baker SC. Deubiquitinating and interferon
antagonism activities of coronavirus papain-like proteases. Journal of Virology 2010; 84:
4619-4629.

2. Sun L, Xing Y, Chen X, Zheng Y, Yang Y, Nichols DB, Clementz MA, Banach BS, Li K,
Baker SC, and Chen Z. Coronavirus papain-like proteases negatively regulate antiviral
innate immune response through disruption of STING-mediated signaling. PLoS ONE 2012;
7: e30802.
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Fig. 3. Weight change of C57BL/6J (n=11) and DBA/2J 
(n=10) mice following intranasal challenge with high-
dose (5X105 TCID50) of MA15 virus. Asterisk denotes 1 
mouse death. Note that of the two B6 mice scored as dead 
on day 5, 1 was euthanized due to weight loss > 25%. None 
of the mice on day 21 had detectable infectious virus in lung.
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Highly Pathogenic Influenza A virus (H5N1) project 
 
Dr Boon transferred to Washington University at St Louis during the second year of the project. 
Below is a summary of the work accomplished during the period he was supported by the grant. 
During the second year of the proposal we continued to assess the susceptibility of several 
congenic mouse lines and initiated a second phenotypic screen for highly pathogenic H5N1 
virus in the BXD mice. This work was done at St Jude Children’s Research Hospital in the 
laboratory of Dr. Richard Webby. 
 
Congenic mouse lines 
The B6.D2.11D mouse line was obtained from Drs Davis and Lusis at UCLA and transferred to 
the animal facility at St Jude Children’s Research Hospital. In year 1 we had assessed the 
susceptibility of this strain to a mouse adapted H1N1 virus (A/PR/8/34) and were preparing to 
do similar studies using the highly pathogenic H5N1 virus A/Hong Kong/213/03 virus (HK213). 
B6.D2.11D mice were experimentally inoculated with 104 EID50 of HK213 virus and morbidity 
and mortality were monitored (Table 1). Compared to the female C57BL/6 control mice, the 
B6.D2.11D mice lost more bodyweight at the later stages of the infection (day 13), however the 
difference was not statistically significant. Also, one of the 11D mice succumbed to infection, 
whereas none of the control mice did. A similar pattern of disease was observed in male mice; 
the B6.D2.11D male mice lost significantly more weight on day 10 compared to the male 
C57BL/6 control mice. Also on day 13, the bodyweight of the male B6.D2.11D mice was lower 
compared to the controls. Although the differences are small and the experiment requires 
validation, the data are promising and suggest the presence of a gene polymorphism in this 
locus exacerbating disease severity after H5N1 infection. 
 
Table 1:  Weight loss and Mortality in B6.D2.11D mice after inoculation with A/Hong 
Kong/213/03 virus 
  
  Mortality Morbidity (% weight loss after infection + SEM) 
   Day 4 Day 7 Day 10 Day 13 
Female C57BL/6 0 94.7 + 0.6 80.6 + 0.7 80.1 + 2.0 94.2 + 2.8 
 B6.D2.11D 25 94.7 + 1.8 82.0 + 1.2 79.7 + 3.8 86.0 + 4.4 
Male C57BL/6 0 94.7 + 0.7 82.1 + 1.0 89.4 + 2.0 98.3 + 1.4 
 B6.D2.11D 0 92.3 + 1.1 81.3 + 0.9 80.1 + 3.9 88.5 + 4.3 

 
Besides B6.D2.11D, we also obtained two other congenic mouse lines containing Qivr’s or QTL 
for influenza virus resistance on a pure C57BL/6 genetic background; B6.D2.17D and B6.D2.7C 
containing Qivr17 and Qivr7 respectively. 
 
A breeding colony for B6.D2.17D has been established and several groups of mice have been 
infected with 104 or 105 EID50 of HK213 virus (Table 2). Morbidity and mortality after inoculation 
were monitored. Unfortunately no significant difference in mortality or morbidity was observed in 
the B6.D2.17D mice compared to C57BL/6 controls.  
 
The B6.D2.7C congenic mice were difficult to generate. First the genotyping experiments 
discovered a change in the genotype and instead of an entire chromosome 7 of DBA/2J genetic 
origin we obtained mice containing only two-thirds of chromosome 7 of DBA/2J. Fortunately the 
B6.D2.7D mice, as they are referred to now, do contain the genetic locus (Qivr7) that we had 
previously identified. Next we produced several homozygous mice B6.D2.7D mice and 
established a colony. Finally, we have infected a large number of female and male B6.D2.7D 
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mice with 104 EID50 of HK213 virus. The morbidity and mortality of the B6.D2.7D mice was not 
significantly different from the wild type control animals (Table 3). 

Table 2: Weight loss and Mortality in B6.D2.17D mice after inoculation with A/Hong 
Kong/213/03 virus 

Dose 
(EID50) 

Mortality Morbidity (% weight loss after 
infection) 
Day 4 Day 7 Day 10 

Female C57BL/6 104 8 96 82 83 
B6.D2.17D 104 0 99 84 92 

Male C57BL/6 105 16 90 78 75 
B6.D2.17D 105 50 92 74 71 

Table 3: Weight loss and Mortality in B6.D2.7D mice after inoculation with A/Hong 
Kong/213/03 virus 

Dose 
(EID50) 

Mortality Morbidity (% weight loss after 
infection) 
Day 4 Day 8 Day 10 

Female C57BL/6 104 27 96 76 77 
B6.D2.7D 104 18 94 79 84 

Novel H5N1 phenotype 
While we have worked hard to identify the genes and their polymorphisms in previously 
identified influenza loci (Qivr) associated with death after HK213 virus infection, we have also 
started testing BXD strains for a second H5N1 phenotype. As reported in the Journal of Virology 
paper in 2009 from our group (Boon et al), DBA/2J and C57BL/6J mice differ considerably in 
their response to influenza virus infection with very low LD50 values, high influenza titers and 
excessive production of pro-inflammatory mediators in the DBA/2J mice. High viral titers and 
production of pro-inflammatory cytokines are hallmarks of H5N1 infection in humans. Therefore 
we aimed to identify the genetic locus associated with increased production of pro-inflammatory 
mediators TNFα, CCL2 and IFNα 48 hours after inoculation with H5N1. A total of 43 BXD 
strains were analyzed for the production of pro-inflammatory mediators and compared to the 
parental DBA/2 and C57BL/6 mice (Figure 1). 

Preliminary QTL analysis using the free online QTL analysis tool at www.genenetwork.org, has 
indicated that a locus on Chromosome 6 is responsible for a significant portion of the observed 
phenotype for all three inflammatory mediators tested. Two other QTL’s, one on chromosome 1 
and another on chromosome 12, are considered suggestive. Interestingly, the locus on 
chromosome 12 contains the Ahr gene which is known to differ between C57BL/6 and DBA/2J 
mice. 

Future work will concentrate on identifying the gene on chromosome 6 responsible for the 
excessive production of pro-inflammatory mediators. Based on additional work in the laboratory, 
we hypothesize that it is the higher viral load in DBA/2J mice that is initiating this difference in 
cytokine production and therefore the gene under investigation is likely to influence the 
replication dynamics of the virus. To validate the result, we have initiated the production of a 
congenic mouse line containing chromosome 6 of C57BL/6 mice on a DBA/2 background. 
Compared to the parental DBA/2J mice, the congenic strain will likely produce lower amounts of 
TNFα, CCL2 and IFNα. 
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Figure 1: Production of pro-inflammatory 
cytokines 48 hours post inoculation with 
Highly pathogenic H5N1 influenza A 
virus. The production of IFNα1 (top), 
TNFα (middle) and CCL2 (bottom) in 43 
different BXD lines and the parental 
DBA/2, C57BL/6 plus the F1 strain. The 
red bars indicate (from left to right) 
C57BL/6, B6D2F1 and DBA/2J. Fewer 
strains were tested for the production of 
IFNα. 
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Reportable outcomes 

Presentations 

1. Seminar at University of Maryland, College Park, MD, March-2010, “H5N1 pathogenesis
and the role of host genetic diversity”

2. Oral presentation at the BXD world meeting in Braunschweig, Germany, 2009, “H5N1
pathogenesis and the role of host genetic diversity”.

3. Seminar at Washington University School of Medicine, St Louis, MO, Feb-2010, “H5N1
pathogenesis and the role of host genetic diversity”.

4. Seminar at St Louis University, Infectious Disease Research Conference, St Louis, MO,
April 2011, “H5N1 pathogenesis and the role of host genetic diversity”.

5. Seminar at Emory University, Microbiology and Molecular Genetics Seminar, Atlanta, GA,
October 2011, “H5N1 pathogenesis and the role of host genetic diversity”.

6. Seminar at Washington University School of Medicine, Department of Medicine, Division of
Pulmonary Medicine, Lung Biology and Genetics conference, St Louis, GA, April 2011,
“H5N1 pathogenesis and the role of host genetic diversity”.

Abstracts 

1. Abstract at the BXD World meeting in Braunschweig, Germany, 2009, “H5N1 pathogenesis
and the role of host genetic diversity”.

2. Abstract for the Options for the Control of Influenza VII, Hong Kong, 2010, “Systems Biology
Approach to H5N1 Influenza A virus Pathogenesis”.

Publication 

1. Boon ACM, DeBeauchamp J, Krauss S, Rubrum A, Webb AD, Webster RG, McElhaney J,
Webby RJ. 2010. Cross-reactive neutralizing antibodies directed against pandemic H1N1
2009 virus are protective in a highly sensitive DBA/2 influenza mouse model. J. Virol.
84:7662-7667.

2. Boon ACM, Finkelstein D, Zheng M, Liao G, Allard J, Klumpp K, Webster R, Peltz G,
Webby RJ. 2011. H5N1 influenza virus pathogenesis in genetically diverse mice is mediated
at the level of viral load. MBio. 2011 Sep 6;2(5).

Conclusions 

• B6.D2.11D mice are possibly more susceptible to H5N1 influenza A virus with an
increase in weight loss during the resolution phase of the infection.

• B6.D2.17D mice display no obvious phenotype upon inoculation with H5N1 virus.
• B6.D2.7D mice display no obvious phenotype upon inoculation with H5N1 virus.
• DBA/2 produce significantly higher amounts of pro-inflammatory cytokines TNFa, CCL2

and IFNa compared to C57BL/6 mice.
• Fourty-three BXD strains have been tested for the production of pro-inflammatory

cytokines 48 hours post inoculation with HK213 H5N1 virus.
• A significant QTL associated with the early production of pro-inflammatory cytokines has

been identified on chromosome 6.
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Leishmania major project 

We have successfully used the BXD resource to study the host response to Leishmania major 
(Lm), a protozoal parasite that causes an inflammatory disease in mice similar to cutaneous 
leishmaniasis in humans. We determined the optimal parasite dose (1x106), host gender 
(female), age (7-9 weeks) and optimal time (3 weeks post-infection) for reproducible and robust 
analysis of pathology and immune response. Using these parameters, we measured a minimal 
informative set of phenotypes as shown in Table 1. 

Table 1 

The clinical course we observed was consistent with published reports [1, 2], with DBA/2 being 
more clinically resistant than C57BL/6. In contrast to the differential clinical course, parasite 
burdens were similar between the BXD parental strains, highlighting distinct underlying 
mechanisms, and suggesting that differences in the inflammatory response to Lm might be 
responsible for the contrasting clinical outcomes. In support of this interpretation, draining 
popliteal lymph node cellularity was significantly higher in C57BL/6 versus DBA/2. 
To investigate the nature of the differential cellularity exhibited by DBA/2 and C57BL/6 in 
response to Lm infection, we performed FACS analysis of draining popliteal lymph node cells. 

Phenotypes measured Frequency Time 

clinical score (footpad swelling) weekly over 8 weeks 

pathogen score (parasite burden in feet) once 3 weeks 

ex vivo cyto/chemokine expression (popliteal LN) once 3 weeks 

ex vivo cyto/chemokine expression (cardiac blood) once 3 weeks 

myelo/lymphoid immunophenotype (popliteal LN) once 3 weeks 

gene expression profile (popliteal LN) once 3 weeks 

Cell	  type	  frequency Cell	  type	  abundance 

Figure	   1.	   Correlation	   between	   CD19+MHC-‐II+	   B-‐cells	   and	   clinical	  
score	   (footpad	   swelling)	   depicted	   as	   the	   frequency	   and	   absolute	  
number	  of	  indicated	  cell	  types	  in	  the	  popliteal	  lymph	  node.	  
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We found that the number of MHC class II+, CD19+ B cells was significantly elevated in 
C57BL/6 versus DBA/2, accounting for the majority of the cellularity difference (Figure 1). The 
correlation between draining popliteal lymph node B cell abundance and clinical score has been 
noted previously and is thought to relate to the antigen presentation function of B cells [3, 4]. 
Thus, the hypothesis neutral BXD approach we have employed has succeeded in uncovering a 
key biological process validated by independent experimental evidence. We are now attempting 
to genetically dissect the molecular role of B cells in determining clinical outcome to Lm. 

Although, parasite burden did not differ significantly between the parental strains, variation did 
exist among the BXD strains. Thus, we sought to determine whether popliteal lymph node cells 
exhibit additional differences that could potentially explain the differential parasite burdens 
exhibited by infected BXD mice. To accomplish this we used a Milliplex bead assay to measure 
cytokine and chemokine content in supernatants of 48-hour popliteal lymph node cultures. 
Indeed, GCSF level was found to be strongly correlated with parasite burden (Figure 2).  

Figure	  2.	  Correlation	  between	  GCSF	  level	  and	  parasite	  
burden.	  
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As was the case with clinical score and B cell abundance, the correlation between GCSF level 
and parasite burden had also been noted previously [5, 6]. In this case, the evidence suggested 
that neutrophils mobilized to the site of infection by GCSF ingest parasites and transmit them 
intact to macrophages wherein they replicate and from which they eventually spread. 
Thus, the hypothesis neutral BXD approach has succeeded again in uncovering another key 
biological process that has been validated by independent experimental evidence. 
 
Furthermore, analysis of the data in Gene Network reveals 2 suggestive loci regulating parasite 
burden (Figure 3). Although neither QTL interval contains the gene for GCSF, we hypothesize 
that the activities that map to each QTL will act in the GCSF/neutrophil/macrophage axis. 

 

 
 
Key Research Accomplishments 
• Identified 2 suggestive loci regulating parasite burden. 
• Identified one strong statistical correlation between ex vivo popliteal lymph node GCSF 

expression level and parasite burden. 
• Identified one strong statistical correlation between popliteal lymph node B cell abundance 

and footpad swelling. 
• Based on (2) and (3) above, we have determined that assessment of key phenotypes on as 

few as 30 BXD mice is sufficient to rapidly triangulate essential host immune features 
underlying clinical presentation and pathogen score (draining lymph node B cell abundance 
and GCSF level, respectively). The causal connections underlying statistical correlations 
unearthed in our analysis have been elucidated experimentally in multiple independent 
scientific reports [1-6]. Thus, our study serves as a proof of principle demonstration of the 
power and utility of the BXD resource (combined with appropriate phenotypic measures) to 
rapidly identify key features of the host response to a given infectious pathogen. An added 
benefit is the concomitant identification of genetic loci that regulate the uncovered features. 

 
 
Reportable Outcomes 
None 
 

Figure	  3.	  QTLs	  regulating	  parasite	  burden.	  Note	  suggestive	  QTLs	  on	  
chromosomes	  12	  and	  15.	  
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Conclusions 
Though currently based on the analysis of up to 30 BXD strains (1-5 mice/strain), our analysis 
has sufficed to reveal two key correlations that previous more conventional studies have shown 
to be causal [1-6]. Our data indicate that clinical score (footpad swelling) is strongly correlated 
with B cell abundance in the draining popliteal lymph nodes. Further, they show that parasite 
burden is strongly correlated with popliteal lymph node GCSF level. Thus, our data reveal the 
power of the BXD approach to rapidly focus attention on key immunological parameters 
controlling the host response to a given infectious pathogen. 
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Mouse Genomics Core 

BXD strains colony for the DoD select agents 
We maintained more than 500 cages for the DoD including most of the JAX BXD strains and all 
of the UTHSC strains. We are developing another 80 new BXD strains. Of these new strains, 
~46 new strains have passed the 10th generation of inbreeding, and two strains (BXD113 and 
BXD125) have been inbred. We have genotyped all of the 80 new BXD strains with 50 UTHSC 
BXD strains together using GeneSeek SNP array at about 8000 SNPs density. Many alleles 
have showed homozygosis for most of the strains and therefore could be used to validate 
genetic modulators for some selected phenotype or gene expression. 

Pathogen profiling 
We have sequenced the genomes of 16 different strains of Burkholderia. DNA isolated from 
these samples was used to prepare barcoded fragment libraries for the Ion Torrent PGM. After 
preparation, the libraries were quantified by pooling and running a PGM 314 chip (~500,000 
reads). The barcode quantification from this chip was then used to pool the libraries equally for 
a run on a PGM 318 chip (3.63M reads). The PGM platform is especially suited for this work 
due to speed of sequencing, low cost, and ease of use. Libraries can also be saved and re-
sequenced on a relatively short time frame if the coverage is insufficient after the first run. Data 
collected here will be further analyzed. 

Infectious disease gene expression profiling and genetic mapping 
Over the last few years we have also generated and distributed a large number of immune 
related gene expression data sets that include spleens (109 strains), lung (57 strains), and T 
cells (33 strains). This data can be used to address central questions on the genetics of 
infection response, and to identify 
the candidate genes that confer 
susceptibility or resistance to 
infectious diseases. One example 
of candidate gene selection 
comes from spleen transcriptome-
mapping data after oviduct 
infection with Chlamydia. The first 
step is to narrow down the list of 
candidate causal genes within a 
Quantitative Trait Locus (QTL)—a 
chromosomal region containing 
sequence variants strongly 
associated with phenotypic 
variation. For the oviduct infection 
study, a significant QTL has been 
mapped to distal chromosome 3 
(Figure 1). There are more than 
100 genes in this QTL region. We performed correlation analysis, expression QTL (eQTL) 
analysis, and co-localization analysis using spleen gene expression data above, and finally 
narrowed down candidate genes from 126 to 5. The expression of those 5 genes is significantly 
correlated with oviduct infection phenotype (P< 0.05), and the expression of each is cis-
regulated (a gene variant located within or near the gene controls gene expression) with 
Likelihood ratio statistic (LRS) 17 and above (P< 0.05) (Table 1). 

Fig	  1.	  Interval	  mapping	  of	  oviduct	  gross	  pathology	  across	  the	  BXD	  strains	  
reveals	  a	  QTL	  on	  distal	  Chr	  3.	  The	  LRS	  values	  are	  plotted	  in	  blue	  across	  the	  
genome	  and	  measure	  the	  strength	  of	  the	  association	  between	  
chromosome	  and	  Mb	  position	  (top	  and	  bottom	  X-‐axis,	  respectively)	  and	  
phenotype	  expression.	  Allele	  contribution	  is	  shown	  by	  the	  red	  (C57BL/6J)	  
and	  green	  (DBA/2J)	  lines.	  Red	  and	  grey	  horizontal	  lines	  indicate	  genome-‐
wide	  significance	  and	  suggestive	  thresholds,	  respectively.
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Table 1. Candidate genes for a QTL of oviduct infection 

Symbol Gene (Chr: Mb) Expression 
Max 
LRS eQTL (Chr: Mb)  r  p value 

Lphn2 Chr3: 148.478819 8.55 55.4 Chr3: 148.26 -0.50 0.002 
Syde2 Chr3: 145.651617 7.58 26.4 Chr3: 145.09 -0.59 0.000 
Mcoln2 Chr3: 145.812797 9.78 25.6 Chr3: 144.42 0.35 0.037 
Ttll7 Chr3: 146.606970 7.80 25.3 Chr3: 148.26 -0.43 0.008 
Ankrd13c Chr3: 157.610215 10.36 17.4 Chr3: 157.87 0.35 0.041 

Subsequent gene function and gene network analysis suggest that Syde2 is the strongest 
candidate gene. It may work with several other genes together to affect severity of oviduct 
infection. 

In-house genomic sequencing of inbred mouse strains  
We have recently completed the genomic sequencing of the DBA/2J strain at 100x coverage 
using both SOLiD and Illumina systems. We have generated ~150 Gb of well-aligned 
sequences (110 Gb using SOLiD and 40 Gb using Illumina GA2). All of the sequence data have 
been deposited in the NCBI Sequence Read Archive (SRA009489). We have combined these 
short sequences with the original Celera DBA/2J sequence (~1.3 x shotgun) (Mural et al, 2002) 
to produce a high quality consensus genome on a C57BL/6J reference genome framework 
(Church et al, 2009). Because both parental strains of the BXDs have now been well 
sequenced, we are able to generate a nearly comprehensive list of sequence variants that are 
segregating in the BXDs as common alleles. For example, we now have a list of approximately 
5 million high quality SNPs, including 63 nonsense and ~11,000 missense mutations, 568K 
indels (2–10 nucleotides), 16K copy number variants (CNVs), and 600 inversions. The number 
of new SNPs that we have discovered roughly doubled the original set generated using Celera 
sequence. The DBA/2J genome has also recently been sequenced at 23x coverage by the 
Wellcome Trust as part of an effort to sequence 17 strains of commonly used inbred mice 
(Keane et al, 2011). Our higher coverage sequencing of the DBA/2J genome enabled us to call 
0.6 million more SNPs compared to the Welcome Trust. For the first time, a nearly complete 
compendium of sequence variants is available for a large mouse cross—the BXD family of 
strains. This well-characterized genetic population provides a unique resource to study a wide 
variety of disease processes, including infectious-related diseases and phenotypes. We are 
currently sequencing 8 mate pair libraries, 2 of which have different insert sizes (1-2 KB), from 
select BXD strains. As a part of the “library complexity check” procedure, we sequenced a small 
portion of the library for BXD29 and BXD2 mice and found that greater than 95% of the reads 
have unique start positions when aligned against the reference genome. 

Validation of sequence polymorphism between B6 and D2 mice. 
To	  assess	  the	  validity	  of	  the	  coding	  SNPs,	  we	  performed	  conventional	  Sanger	  sequencing	  on	  
all	  63	  nonsense	  mutations	  and	  76	  random	  selected	  missense	  mutations.	  This	  validation	  is	  
designed	  to	  prioritize	  variants	  used	  for	  the	  reverse	  complex	  trait	  analysis	  below.	  For	  
nonsense	  mutations,	  we	  obtained	  reliable	  Sanger	  results	  on	  49	  PCR	  products	  and	  
confirmed	  that	  42	  are	  authentic	  with	  false	  positive	  rate	  of	  14%	  (7/49).	  For	  non-‐
synonymous	  mutations,	  we	  obtained	  67	  reliable	  PCR	  products	  and	  confirmed	  63	  with	  false	  
positive	  rate	  of	  6%	  (4/67).	  
Small	  indels	  in	  coding	  sequence	  can	  be	  highly	  disruptive,	  especially	  when	  they	  introduce	  
frameshift	  mutations	  or	  extend	  the	  length	  of	  polyglutamine	  tracts	  in	  the	  protein	  product.	  
Most	  small	  indels	  (98.74%)	  were	  in	  introns	  or	  intergenic	  regions,	  but	  542	  small	  deletions	  
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and	  641	  small	  insertions	  were	  in	  coding	  exons.	  The	  small	  coding	  indels	  are	  enriched	  of	  
trinucleotides,	  which	  account	  for	  32%	  of	  small	  coding	  deletions	  and	  38%	  of	  small	  coding	  
insertions.	  Of	  these	  small	  indels,	  a	  subset	  of	  50	  (28	  deletions	  and	  22	  insertions)	  is	  predicted	  
to	  result	  in	  frame	  shift	  mutations	  in	  roughly	  half	  of	  the	  BXD	  lines	  (Table	  2).	  We	  randomly	  
selected	  40	  frame	  shift	  mutations	  for	  conventional	  Sanger	  validation.	  Thirty-‐three	  primer	  
pairs	  produced	  reliable	  PCR	  products,	  27	  out	  of	  which	  were	  validated,	  indicating	  that	  the	  
false	  positive	  rate	  is	  about	  18%	  (6/33).	  
	  
Table 2. Validated frame shift mutations between the B6 and D2 genomes  

	   	  

Chr	   Start	  Position	  
(bp)	   Sequence	   Indel	  type	   Gene	  

Symbol	  
Entrez	  
GeneID	  

Exon	  
#	  

1	   49,310,932	  
GAGAGAGAGAGAG
A	   INS	  

C230029F
24Rik	   442837	   2	  

1	   171,252,513	   TT	   INS	   Adamts4	   24,913	   1	  
2	   35,043,207	   TA	   DEL	   Hc	   15139	   6	  
2	   87,949,277	   A	   INS	   Olfr1156	   258814	   1	  
2	   126,737,553	   TGTATGTA	   INS	   Usp8	   8492	   9	  
3	   41,742,027	   T	   DEL	   Sclt1	   67161	   1	  
3	   133,002,550	   TGCCGTGTTTGAGA	   INS	   Gstcd	   67553	   9	  
4	   117,070,923	   T	   DEL	   Eif2b3	   1867	   1	  
5	   38,300,289	   G	   DEL	   Otop1	   2196	   6	  
5	   96,828,404	   GTAG	   DEL	   Anxa3	   11745	   7	  
5	   131,476,702	   G	   INS	   Auts2	   319,974	   7	  
6	   5,272,293	   A	   INS	   Pon2	   3,326	   6	  
6	   131,221,840	   AGAAATCCAC	   INS	   Klra2	   16,633	   7	  

6	   135,225,279	  
TGGCTTTGGTAAGA
AGCAGGGC	   INS	  

8430419L
09Rik	   74525	   5	  

7	   16,336,830	  

CAGCAGCACTGGGA
AAGGGGAAAGAGA
GATTAGAGAGA	   INS	   Sae1	   56,459	   7	  

7	   33,737,360	   T	   DEL	   Abpz	   2339	   3	  
7	   107,590,404	   T	   DEL	   Olfml1	   244198	   3	  
8	   4,275,857	   T	   DEL	   Pdgfrl	   68,797	   6	  
8	   41,309,537	   C	   DEL	   Pcm1	   18,536	   25	  
8	   114,133,648	   G	   DEL	   Nudt7	   67528	   1	  
9	   32,728,881	   A	   DEL	   Ets1	   23871	   4	  
9	   65,280,130	   G	   DEL	   Cilp	   214425	   1	  
13	   21,484,709	   A	   INS	   Zkscan4	   544922	   3	  
14	   51,039,518	   T	   INS	   Rnase9	   32841	   2	  

15	   83,158,786	  
GGGCTTGGTGAAGG
CTCAGGGCTGA	   INS	   Cyb5r3	   19754	   8	  

16	   64,926,926	   T	   DEL	   Htr1f	   15,557	   3	  
17	   47,391,015	   GG	   INS	   Guca1b	   17477	   3	  
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Reverse complex trait analysis of immune system function 
Genetic mapping usually proceeds through a forward genetics approach, starting with a 
complex phenotype that varies across a population followed by identification of the genes and 
variants that caused the phenotypic variation. Reverse complex trait analysis (RCTA) is a novel 
reverse genetics method that starts with identification of the nascent sequence variants rather 
than with engineered alleles or mutagenized stock. After we generated ~100x whole-genome 
shotgun coverage of 
DBA/2J (D2) combined 
with publicly available 
sequence from the 
C57BL/6J (B6) strain, 
we were able to 
generate a nearly 
comprehensive list of 
sequence variants, and 
identify the downstream 
effects of those 
sequence variants using 
BXD strains. In the past 
few years, we have 
identified 5 M SNPs, 
568K insertions and deletions (Indels), and thousands of inversions and copy number variants 
(CNVs) segregating among the 80 BXD strains. Recently we explored possible functional 
consequences of sequence and structural variants using a large data set of expression profiles 
from the BXD family, and tested the method of RCTA in immune system function. For example, 
there is a single non-synonymous SNP in Wdr26, a gene with an important role in innate 
immune responses through suppression of the MAPK signaling pathway. Expression mapping 
showed that Wdr26 is associated with a strong cis eQTL with an LRS of 40 in lung (Figure 2).  

Expression levels of Wdr26 co-vary well (r 
= –0.7167, p = 0.0012) with T cell 
proliferation in the immune system (GN 
Trait ID 10237, Figure 3), a trait that maps 
very closely to Wdr26 with an LRS > 49. 
The human ortholog, WDR26, directly 
binds free Gβγ and forms a complex with 
endogenous Gβγ in T cells, attenuating 
chemotaxis in the T cells, which 
corroborates the function of Wdr26 in 
mouse. This example illustrates that the 
functional consequence of the single non-
synonymous SNP in Wdr26 can be readily 
determined by RCTA.  
The identification of sequence variants 
that modulate phenotypes is fundamental 
to our understanding of the genetic basis 
of both Mendelian traits and quantitative 
complex traits. RCTA could efficiently link 
sequence variants to novel phenotypes. 
Through RCTA we can efficiently discover 

,	  p	  <	  
Fig	  3.	  The	  expression	  of	  Wdr26	  correlated	  with	  T	  cell	  
proliferation	  very	  well	  (r	  =	  -‐8.330.0001).

Fig	  2.	  Interval	  mapping	  of	  Wdr26	  expression	  showed	  it	  is	  cis-‐regulated.	  
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the downstream consequences of DNA polymorphisms on RNA expression and infectious 
related phenotypes in specific BXD strains using the high coverage genomic sequence data. 
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Modeling core – Construction of gene network models 

Introduction 
The primary objectives of the modeling group were (1) to develop tools for systems 

genetics analysis of infectious disease and (2) to use these tools to create network models that 
enhance understanding of responses to specific diseases or gene regulatory networks. Our 
work to meet the first objective culminated in the creation of the Bayesian Network Webserver 
(BNW, http://compbio.uthsc.edu/BNW), while we have utilized BNW and related methods to 
investigate variation in responses to infection to Chlamydia psittaci and in expression of 
immune-related genes within the BXD panel of recombinant inbred mice. 

Body 

A. The Bayesian Network Webserver 
We developed the Bayesian Network Webserver (BNW, http://compbio.uthsc.edu/BNW), a 
comprehensive web-based tool for network modeling of systems genetics data. In addition to 
allowing our group to quickly generate network models linking genotype with gene expression 
traits and phenotypes after pathogen infection, BNW will be a valuable and accessible tool for 
network modeling by the larger research community. While Bayesian networks have been 
applied to many biological data sets, their widespread use has been limited by a lack of easy-to-
use and comprehensive resources for creating and analyzing models. Successful Bayesian 
network modeling requires the integration of several distinct steps, ranging from structure 
learning to using models to create testable hypotheses. BNW integrates software we developed 
and used for network modeling datasets related to this grant, but is designed to be automated 
enough for use by researchers new to network modeling and flexible enough to be applied to a 
wide variety of data sets. 
Steps in Bayesian network modeling: 
Structure learning. The first step in Bayesian network modeling of a dataset is structure 
learning, or identifying which directed edges between variables (nodes) should be included in 
the network to represent the conditional dependencies observed in the data. As performing 
exhaustive searches during structure learning is an NP-hard problem, structure learning is often 
the most computationally intensive part of Bayesian network modeling. To reduce the speed of 
structure learning, BNW integrates several recent improvements in structure learning 
algorithms, allowing for an exhaustive search for hybrid networks containing as many as 19 
variables within 2 minutes. Structure learning in BNW can be broken down into three main 
steps: calculating local network scores, determining the highest scoring global network 
structures, and, depending on user settings, performing model averaging over high scoring 
structures. The score of a local structure in a Bayesian network considers how well a node is 
explained by its immediate parents. To begin structure learning in BNW, we calculate all 
possible local scores by performing an exhaustive search of local structures given the structural 
constraints specified by the user. BNW uses a scoring metric that allows for the use of hybrid 
datasets through the use of conditional Gaussian distributions (1). After calculating local scores, 
BNW performs a search for the k-best global optimal structures, using a user-specified value of 
k (9, 10). 
Model averaging. The Bayesian score metric inherently handles the problem of overfitting data 
to complex models (8).  However, selecting a single best network model and ignoring all other 
models may still lead to over-fitting the data. Model averaging can be used to reduce this risk 
(2). An indicator function  is defined as: if a network G has the feature (here a feature is a 

directed edge representing a regulatory relationship), , otherwise, . The

f
1)( =Gf 0)( =Gf
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posterior probability of a feature is . This probability reflects our 

confidence in the feature . The posterior probability of a feature can be estimated by 
averaging over the high scoring models visited during the search. We currently use model 
averaging when performing structure learning of small networks after exhaustive searches in 
BNW.   
Parameter learning. We will use maximum likelihood to estimate the parameters of the 
conditional probability distributions (CPDs) by computing statistics from the data samples. The 
local conditional probabilities can be parameterized using finite mixture models, which are 
flexible methods for modeling complex probability distribution functions, and the EM algorithm to 
find the maximum likelihood estimates of the parameters of the CPDs. BNW currently uses the 
BayesNet Toolbox (6) to automatically perform parameter learning after structure learning and 
displays each discrete node as a bar chart and each continuous node as a line chart using 
Google Charts APIs. 
Prediction after observed evidence and external intervention. To predict the effects of genetic 
and transcriptional variations/interventions with network models, we compute the probability 
distribution of the molecular traits, conditional on known evidence (e.g. the QTL genotype and/or 
gene expression level). The joint probability represented by a Bayesian network is given by the 
chain rule. Bayesian network models can be used to for predictions in two ways. First, networks 
can predict how observing evidence of some variables in the network impacts other network 
variables. For example, if a network model connecting genotype and gene expression was 
learned using a set of mouse strains, it could be used to predict gene expression for a new set 
of strains. The genotype for each of the new set of strains could be used as observed evidence 
when testing the predictions of other variables by the network. Bayesian networks can also be 
used to predict the effects of external interventions, which change not only the predicted values 
of nodes in the networks but also the network structure by removing the dependence of the 
intervened node on its parents.  
 
Use of the Bayesian Network Webserver 

From the BNW 
homepage (Figure 
1), users can select 
one of two options for 
network modeling of 
their data sets. First, 
they can select 
“Learn a network 
model from data”, 
allowing them to 
upload a file 
containing a dataset, 
learn the structure 
and parameters of 

the network from the data, and investigate predictions of the network. Alternatively, they can 
select “Make predictions using a known structure”, allowing them to upload a file containing the 
network structure and a separate file containing the data, learn the network parameters from the 
data, and then examine network predictions. A file containing the network structure can be 
downloaded from BNW after structure learning, allowing users to skip the structure learning step 
if they wish to investigate the same network during a return visit to the site.   
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Figure	  1	  Screenshot	  of	  the	  Bayesian	  Network	  Webserver	  homepage	  
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After clicking “Learn a network model from data” on the BNW homepage, users upload a file 
containing their data. They then select whether they want to add any constraints when 
performing structure learning. The addition of constraints reduces the computational complexity 
of structure learning, aiding users in identifying biologically meaningful networks and allowing 

structure learning to be performed 
more quickly. Users who want to add 
structural constraints are presented 
with a structural constraint graphical 
interface built using HTML5 (Figure 
2). The structural constraint interface 
is separated into three sections: a 
section for grouping nodes into 
different tiers, a section for specifying 
the interactions that are allowed 
within and between tiers, and a 
section for creating lists of specific 
required or banned directed edges. 
For genetic networks, the genetic 
causality identified by QTL mapping 
can be used as constraints in 
network modeling. For a set of genes 
regulated by a set of common QTLs, 
variables can be separated into a tier 
of genotype, a tier of cis-regulated 

genes, and a tier of trans-regulated genes using the BNW structure learning constraint interface. 
Then, restrictions can be added to ensure that: 1) QTL genotypes have no parents; and 2) 
trans-regulated gene expression traits cannot be the parents of cis-regulated genes. For nodes 
connecting QTL genotypes, gene expression traits, and phenotypes, we can add restraints that 
prevent phenotype nodes from being the parents of gene expression traits, as shown in Figure 
2. Specific banned or required edges can be added to the network to include knowledge gained
from previous experiments. 

After structure learning 
or entering a structure file, 
BNW automatically performs 
parameter learning and 
displays the network with 
discrete variables presented 
as bar charts and continuous 
variables as line charts 
(Figure 3A). BNW provides 
two modes for making 
predictions with the networks, 
an Evidence mode and an 
Intervention mode, that can be 
selected using a button at the 
top of webpage. User 
interaction with BNW for each 
mode is the same: the user 

simple clicks on one of the charts in the network and a pop-up window prompts users to enter a 
value for the variable. BNW then automatically calculates how the entered value impacts the 
network and displays the new predicted values for each variable. For both modes, the variable 

Figure	  2	  Screenshot	  of	  the	  BNW	  structural	  constraint	  interface.	  

	  

Figure	   3	   (A)	   Example	   of	   a	   network	   containing	   one	   discrete	   and	   four	  
continuous	  variables	  after	  structure	  and	  parameter	  learning.	  (B)	  Use	  of	  the	  
Evidence	   mode	   to	   predict	   the	   values	   of	   gene	   expression	   traits	   and	  
phenotypes	   for	   samples	   with	   Genotype	   in	   state	   2.	   (C)	   Use	   of	   the	  
Intervention	  mode	  to	  predict	  how	  experimental	  intervention	  that	  removes	  
Gene1	  from	  a	  system	  impacts	  other	  variables	  in	  the	  network.	  
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with the entered value is outlined in red and the new distributions are shown in red. As external 
intervention removes the dependence of a variable on its parents, the network structure may 
change when in the Intervention mode and only those variables downstream of the intervened 
variable will be impacted by the intervention. Figures 3B and 3C show screenshots of BNW 
after entering data in Evidence and Intervention modes, respectively. For both cases, the 
entered value has a large impact on the predictions of the network. 
 We have included several features to help make BNW easy to use. First, the Help page 
provides detailed descriptions of the features of BNW, such as the structure learning constraint 
interface, and simple guidelines for formatting input data files. To aid users in selecting a 
structure learning method, the Help page also provides descriptions of the different methods as 

well as the network sizes that are 
appropriate for each method. Second, 
we include example workflows that take 
users through a step-by-step tour of 
features of BNW. Finally, each of the 
structure learning methods includes a 
sample dataset, allowing users to play 
with the interactive features of BNW. 
 
Network modeling of Chlamydia 
psittaci infection 
The C57BL/6J (B6) and DBA/2J (D2) 
strains of mice have a differential 
susceptibility (difference in 100% lethal 
dose > 1000,000 fold) to infection with 
Chlamydia psittaci; however, the 
specific molecular mechanism through 
which the genotype impacts disease 
status is unknown (5).  To elucidate the 
pathways that connect Ctrq3 genotype 

with disease outcome, we created a 
Bayesian network model including three 
levels of systems genetics data: (1) Ctrq3 
genotype, (2) intermediate immune-related 
phenotypes, including quantitative 
variables associated with cytokines, 
macrophages, neutrophils, and pathogen 
load, and (3) disease status as quantified 
by the ratio of weight 6 days after infection 
to weight at the time of infection.   
The first step in our analysis was to 
determine which intermediate phenotypes 
to include in the model.  Data for 32 
cytokines, pathogen load, levels of 
macrophages and neutrophils, and 
macrophage activation status (MAS) were 
collected for 40 BXD strains infected with 

Chlamydia psittaci.  We used two tools, correlation network analysis and QTL mapping, in the 
GeneNetwork web server (www.genenetwork.org) to determine which of these variables were 
associated with disease status.  We found that many cytokines were highly correlated with each 
other, but had little association with diseases status (Figure 4).  Disease status (weight) was 

	  
Figure	  4	  The	  correlation	  network	  of	  immune	  parameters	  
during	  Chlamydia	  infection	  in	  BXD	  mice.	  Correlation	  network	  
linking	  BXD	  genotypes	  (Ctrq3	  and	  rs13476293),	  C.	  psittaci	  load,	  
inflammatory	  responses,	  cytokine	  profiles,	  IRGM2	  protein	  
expression	  pattern,	  and	  weight	  change	  after	  C.	  psittaci	  infection	  
in	  BXD	  strains.	  	  Positive	  (red)	  and	  negative	  (blue)	  correlations	  
between	  variables	  with	  magnitudes	  of	  Pearson’s	  correlation	  
coefficient	  greater	  than	  0.6	  (dashed	  lines)	  and	  0.7	  (solid	  lines)	  
are	  shown.	  
	  

	  
Figure	  5	  QTL	  mapping	  results	  for	  (A)	  day	  6	  weight,	  (B)	  
neutrophils,	  (C)	  macrophage	  activation	  status,	  (D)	  C.	  psittaci	  
load,	  and	  (E)	  G-‐CSF	  on	  chromosome	  11.	  	  Significant	  QTLs	  (p	  
<	  0.05)	  are	  indicated	  by	  the	  solid	  red	  line.	  
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associated the level of the G-CSF cytokine, the level of neutrophils, pathogen load, and MAS.  
As expected, disease status was controlled by a QTL at Ctrq3.  Neutrophils, load, and MAS also 
had significant QTLs at this location, but G-CSF did not (Figure 5).  To further investigate the 
influence of the genetic polymorphisms at Ctrq3, we analyzed the expression pattern of the 
IRGM2 protein, an innate immune gene in the family of immunity-related GTPases located at 
Ctrq3, and found that it had two distinct isoforms that were highly correlated with Ctrq3 
genotype. We also investigated the protein expression level of IRGB10, but found that it did not 
correlate with weight.  Of the 40 BXD strains studied, there was no discrepancy between the 
Ctrq3 genotype and IRGM2 expression pattern.  We, therefore, selected 5 variables to include 
in the Bayesian network model: genotype at Ctrq3/IRGM2 protein expression pattern, neutrophil 
level, pathogen load, MAS, and weight ratio. 
Bayesian network modeling was performed using the methods outlined in the previous 
discussion of BNW. The network (Figure 6A) was constructed from data for C57BL/6J and 40 
BXD strains using one discrete node, representing the Ctrq3 genotype and IRGM2 protein 
expression pattern, and four continuous nodes (neutrophils, C. psittaci load, macrophage 
activation status, and the ratio of the weight of the mice 6 days after infection to the weight 
before infection), which were modeled with conditional Gaussian distributions.  Leave-one-out 
cross validation was also used to test the performance of the hybrid Bayesian network.  For 
each test strain, parameter learning of the remaining 40 strains and inference was performed 
with the Bayes Net Toolbox with a maximum likelihood approach.  To evaluate the quality of the 
continuous predictions, we used the Q2 parameter (3), which is given by:  
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where yi is the value of the ith sample, ŷi is the predicted value of the ith sample, and y is the 

	  
Figure	  6	  Bayesian	  network	  (BN)	  modeling	  of	  C.	  psittaci	  infection.	  	  (A)	  Structure	  of	  the	  BN.	  The	  number	  next	  to	  each	  
directed	  arc	  of	  the	  BN	  indicates	  the	  confidence	  in	  the	  arc	  after	  model	  averaging,	  with	  higher	  numbers	  indicating	  
higher	  confidence.	  	  (B	  and	  C)	  Predictions	  of	  the	  BN	  as	  a	  function	  of	  genotype	  at	  Ctrq3.	  	  BXD	  strains	  with	  the	  
susceptible	  (D)	  genotype	  at	  the	  IRG	  locus	  tend	  to	  have	  lower	  MAS	  and	  weights	  and	  higher	  levels	  of	  neutrophils	  and	  
pathogen	  load.	  	  (D	  and	  E)	  Predicted	  effect	  of	  interventional	  depletion	  of	  macrophages	  on	  the	  predictions	  of	  the	  BN.	  	  
External	  depletion	  of	  macrophages	  is	  predicted	  to	  cause	  a	  decrease	  in	  weight	  and	  increases	  in	  neutrophils	  and	  
pathogen	  load.	  	  For	  panels	  B	  to	  E,	  a	  threshold	  was	  determined	  by	  averaging	  the	  mean	  value	  of	  strains	  with	  a	  B	  
genotype	  and	  the	  mean	  value	  of	  strains	  with	  a	  D	  genotype	  for	  the	  original	  data	  sample.	  	  Then,	  the	  probability	  that	  the	  
predicted	  value	  for	  each	  variable	  was	  greater	  than	  (High)	  or	  less	  than	  (Low)	  this	  threshold	  was	  calculated	  from	  the	  
conditional	  Gaussian	  distributions	  learned	  from	  the	  BN	  for	  the	  original	  data	  and	  after	  macrophage	  depletion.	  	  Nodes	  
with	  a	  yellow	  background	  have	  been	  assigned	  the	  value	  to	  represent	  data	  for	  only	  a	  given	  genotype	  and	  intervention	  
on	  the	  MAS.	  
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sample mean.  The values of Q2 for MAS, neutrophil level, pathogen load, and weight were 
0.51, 0.59, 0.45, and 0.68, respectively.  Additionally, we discretized the original data and the 

predictions from the leave-one-out-cross 
validation for each strain and used this 
discretized data to test the accuracy of the 
predictions.  A threshold for each of the 
continuous variables was determined by 
averaging the mean value of the original data for 
all strains with the B genotype and the mean 
value for all strains with the D genotype.  Then, 
the continuous variables for the original data 
and the predictions were classified as being 
either High or Low through comparison with 
these threshold values for each strain.  The 
accuracy was then determined by dividing the 
number of predictions that matched the original 
data by the total number of strains.  For MAS, 
neutrophil level, pathogen load, and weight, the 
accuracy was accuracy 85%, 93%, 80%, and 
88%, respectively. 
The structure of the Bayesian network model is 
presented in Figure 6A.  We further investigated 
two of the relationships implied by the network.  
First, MAS is central to the model, implying that 
MAS directly influences neutrophils and 
pathogen load, and also indirectly impacts 
disease status.  We can use the model to 
predict the effects of external interventions, such 
as depleting the level of macrophages and MAS. 
The intervention sets of the value of the MAS 
node and relieves it from the influence of its 
parent node.  Therefore, we predict the effects 
of macrophage depletion by removing the link 
Ctrq3/IRGM2 → MAS and setting MAS to the 
minimum value observed in the data used for 
parameter learning [action do (MAS = MIN), 
where MIN is the minimum observed MAS 
value].  The probabilistic inference of the effects 
of this influence was executed using the Bayes 
Net Toolbox.  The model predicts that depletion 
of macrophages increases the levels of 

neutrophils and pathogen load and decreases weight (Figure 6 panels B-E).  The magnitude of 
these changes is expected to be more significant in BXD strains with the resistant (D) genotype. 
We tested these predictions by performing chemical depletion of macrophages with clodronate 
before infecting B6 and D2 strains with C. psittaci. The results validated many of the model’s 
predictions (Figure 7). In the D2 strain, depletion of macrophages increased neutrophil influx; 
and C. psittaci load and also induced a more rapid decline in weight. As predicted, in the 
resistant B6 strain, depletion of macrophages increased neutrophils and exacerbated the weight 
loss. These mice were moribund 5 days post-infection. In contrast to prediction, the B6 strain 
had decreased pathogen load after depleting macrophages. Pathogen load in the liver was 

Figure	  7	  Impact	  of	  macrophage	  depletion	  on	  course	  
of	  C.	  psittaci	  infection	  in	  B6	  and	  D2	  strains.	  B6	  and	  D2	  
mice	  received	  either	  liposome	  clodronate	  or	  
liposome	  PBS	  iv	  (day	  –1	  post	  infection)	  and	  i.p.	  (day	  –
1,	  1,	  and	  3	  post	  infection)	  and	  infected	  with	  C.	  psittaci	  
104	  IFU	  intraperitoneally	  (N=5/group).	  Mice	  were	  
monitored	  daily	  for	  weight	  (Top)	  and	  appearance.	  
Clodronate	  treated	  D2	  strain	  became	  moribund	  on	  
day	  4	  and	  B6	  on	  day	  5	  post	  infection	  and	  were	  
euthanized.	  (Middle)	  The	  number	  of	  neutrophils	  in	  
the	  peritoneal	  lavage	  increased	  in	  both	  B6	  and	  D2	  
strains	  treated	  with	  clodronate.	  	  (Bottom)	  Pathogen	  
load	  in	  the	  peritoneal	  cavity	  was	  quantified.	  There	  
was	  a	  statistically	  significant	  difference	  in	  final	  
weight,	  number	  of	  neutrophils,	  and	  C.	  psittaci	  load	  for	  
both	  B6	  and	  D2	  strains.	  Data	  is	  representative	  of	  two	  
experiments.	  
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Figure	  8	  Genetic	  resistance	  and	  tolerance	  to	  Chlamydia	  
infection	  in	  mice.	  Plot	  of	  weight	  change	  as	  a	  function	  of	  IFU	  
for	  197	  BXD	  mice	  infected	  with	  C.	  psittaci.	  	  Mice	  with	  the	  
susceptible	  D	  genotype	  at	  the	  Ctrq3	  (open	  symbols)	  lose	  
weight	  as	  pathogen	  load	  increases,	  while	  mice	  with	  the	  
resistant	  B	  genotype	  at	  the	  Ctrq3	  marker	  (filled	  circles)	  do	  
not.	  	  The	  slopes	  of	  the	  linear	  regression	  lines	  for	  the	  B	  (solid	  
line)	  and	  D	  (dashed	  line)	  data	  are	  significantly	  different	  (p	  =	  
0.02).	  

similar in B6 irrespective of whether 
macrophages were depleted or not (PBS 
control: 4.26 x 106 IFU/gram, Clodronate 
treated; 3.81 x 106 IFU/gram, p=0.06). 
Several reports have documented that 
IRGs reduce pathogen burden in vitro and 
in vivo, which is expected to influence 
disease severity (4, 5, 7). To investigate the 
possibility that the status of the Irgm2 
genotype switches disease modality, we 
performed the Bayesian analysis for strains 
with the B genotype at the Ctrq3 locus 
separately from strains with the D 
genotype.  As each data set only contained 
data from strains with one genotype, the 
genotype node was removed from the 
network, and the structure of the network, 
using model averaging of an exhaustive 
search of possible structures with deal, was 
learned for both the B and D data.  For 
strains with the D genotype, a directed 
edge from pathogen load to weight ratio 

had a posterior probability of 0.64, while the same edge for strains with the B genotype had a 
posterior probability of only 0.16, indicating that weight change was dependent on C. psittaci 
load only for strains with the susceptible D genotype.The influence of load on disease outcome 
was much stronger for strains with the susceptible D genotype than strains with the resistant B 
genotype. Because of the genotype-specific switching between pathogen load and disease in 
the model, we expanded this analysis to 197 BXD mice and correlated the disease severity 
(weight) with pathogen load in individual mice according to the genotype at the IRG locus 
(Figure 8). Overall, mice with the B genotype had lower pathogen load compared to mice with a 
D genotype, although a considerable overlap existed. However, the mice with the B genotype 
were tolerant of increases in pathogen burden whereas mice with D genotype lost more weight 
with increases in pathogen burden as demonstrated by the differences in the slope of the load 
to weight linear regression lines (p = 0.02). 
 
Network modeling of immune genes in the spleen of BXD mice 
Gene expression in the spleen of young adult mice was profiled using the Affymetrix GeneChip 
Mouse Gene 1.0 ST array in a total of 108 strains, including 81 BXD strains. The data is freely 
available in the GeneNetwork website (www.genenetwork.org) and further details of the sample 
collection and processing are available at 
genenetwork.org/dbdoc/UTHSC_SPL_RMA_1210.html. To examine the expression of immune 
related gene in the spleen, we selected all 1249 genes with a ‘immune system process’ Gene 
Ontology annotation (GO:0002376). We then identified all probesets in the spleen gene 
expression dataset that target these genes. A total of 1421 probesets target these immune 
related genes, and this collection of probesets was used in all of the following analysis. 
We performed gene expression quantitative trait locus (eQTL) mapping of the immune related 
genes using QTLReaper (www.genenetwork.org/qtlreaper.html) for the BXD strains. 414 of the 
probesets were associated with eQTLs with an LRS ≥ 15. We categorized these eQTLs into two 
groups: cis-eQTLs, in which the gene and associated marker were within 5 Mb, and trans-
eQTLs, in which the gene and associated marker were separated by more than 5 Mb. We 
identified 140 cis-eQTLs and 274 trans-eQTLs. In general, the genetic variation that underlies a 
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Figure	  9	  QTL	  mapping	  results	  for	  Ifih1.	  Significant	  QTLs	  (p	  <	  0.05)	  are	  
indicated	  by	  the	  peak	  solid	  red	  line,	  while	  suggestive	  QTLs	  (p	  <	  0.63)	  are	  
indicated	  with	  the	  solid	  grey	  line.	  The	  location	  of	  the	  gene	  is	  indicated	  by	  
the	  purple	  triangle.	  

	  
Figure	  10	  Correlation	  network	  of	  associations	  between	  
a	  BXD	  genotype	  at	  63.9	  Mb	  on	  Chr	  2	  (rs3664317)	  and	  
genes	  with	  eQTLs	  mapping	  near	  this	  locus.	  Correlations	  
with	  Pearson’s	  correlation	  >	  0.7	  (red),	  >	  0.5	  (orange),	  
and	  <	  -‐0.5	  (green)	  are	  shown.	  

cis-eQTL is believed to be 
found within the gene itself or 
to otherwise directly impact the 
expression of the gene. Trans-
eQTLs, in contrast, are thought 
to result from an indirect 
mechanism. For example, a 
genetic variant located within 
the promoter region of gene A 
(i.e., a cis-eQTL) may directly 
impact expression of gene A. If 
the expression of gene A, then, 
affects the expression of genes 

B and C, the genetic variant would also be in 
indirect factor (i.e., a trans-eQTL) that explains 
the variation in expression of genes B and C.   
As we investigated the eQTL mapping results, 
we found that trans-eQTLs were not evenly 
distributed across the genome. While the 
density of trans-eQTLs across the majority of 
the genome was low, there were several loci 
that contained several trans-eQTLs. For 
example, only 2 genes had a trans-eQTL that 
mapped to Chr 1 from 0-138 Mb, while 9 
genes had a trans-eQTL that mapped to Chr 1 
from 138-161 Mb. We identified a total of 9 
genomic locations containing at least one cis-
eQTL and at least three trans-eQTLs for the 
selected immune related genes. These 9 
locations are promising starting points for 
modeling of immune gene networks in the 
spleen. Here, we will focus our discussion on 
creating models for two locations: Chr 2 near 

65 Mb and Chr 17 near 35 Mb. 
 
Modeling of impact of genetic variation on Chr 2 near 65 Mb:  
Our first gene network model will investigate the impact of genetic variations at Chr 2 near 65 
Mb on gene expression of immune related genes. One gene, Ifih1, located at 62.4 Mb on Chr 2 
was regulated by a cis-eQTL at this location (Figure 9), and 12 genes had a trans-eQTL with 
LRS >= 15 at Chr 2 between 62 and 68 Mb. The genes with trans-eQTLs were highly correlated 
with one another and with Ifih1 (Figure 10). The first step in creating a Bayesian network model 
is selecting the variables to include in the model. We selected the BXD genotype at rs3664317 
(63.9 Mb on Chr 2) and Ifih1 expression as two variables to include in the network. We removed 
genes that had low LRS values, low expression, low variance across strains, or a small 
difference in expression between the parental strains of the BXD mice. Of the genes with trans-
eQTLs, we selected Ifit1, Oas1a, and Oas1g. 
We then used our Bayesian network modeling pipeline to learn the structure of the gene 
network model. We have described our structure learning method previously. Briefly, we 
perform model averaging of the posterior probability of possible features (i.e., directed edges) in 
the model over all possible models and include features with a posterior probability greater than 
0.5 to include in the network. Our structure learning procedure allows for prior knowledge to be 
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Figure	  11	  Structure	  of	  the	  Bayesian	  network	  
model	  of	  influence	  of	  genetic	  variation	  at	  Chr	  2	  
near	  65	  Mb	  on	  the	  expression	  of	  immune	  
related	  genes.	  	  The	  number	  next	  to	  each	  
directed	  edge	  of	  the	  BN	  indicates	  the	  confidence	  
in	  the	  edge	  after	  model	  averaging	  as	  described	  
in	  the	  text.	  Cis-‐regulated	  genes	  are	  shown	  in	  red.	  

Figure	  12	  Structure	  of	  the	  Bayesian	  network	  model	  of	  
influence	  of	  genetic	  variation	  at	  Chr	  17	  near	  35	  Mb	  on	  
the	  expression	  of	  immune	  related	  genes.	  	  The	  number	  
next	  to	  each	  directed	  edge	  of	  the	  BN	  indicates	  the	  
confidence	  in	  the	  edge	  after	  model	  averaging	  as	  
described	  in	  the	  text.	  PC1	  is	  the	  first	  principal	  
component	  of	  a	  cluster	  of	  histocompatibility	  complex	  
genes	  that	  are	  located	  near	  rs13482958	  and	  regulated	  
by	  a	  cis-‐eQTL.

included in the network by requiring that specific 
features are either included or excluded from the 
network structure. For example, if a regulatory 
relationship among genes is known, only network 
structures that include this relationship will be 
included in the network. Here, we prevented Ifih1, 
the cis-regulated gene, from being the child of any 
of the trans-regulated genes. Figure 11 shows the 
structure of the gene network model of the Chr 2 
eQTL. Some interesting relationships can be 
observed in the structure of the network. First, the 
genotype at rs3664317 influences the expression 
of Ifih1 in all high scoring networks, as expected, 
but the genotype only influences the expression of 
the trans-regulated genes indirectly (i.e., Ifih1 
masks the influence of the genotype on the trans-
regulated genes). Additionally, the network shows 
that there is a strong influence of the expression of Ifih1 on Ifit1 and Oas1g on Oas1a. We 
performed parameter learning as described previously and assessed the model using leave-
one-out cross validation. The values of Q2 for predictions of the expression of Ifih1, Ifit1, Oas1g, 
and Oas1a using leave-one-out cross validation were 0.43, 0.66, 0.70, and 0.76, respectively. 

Modeling of impact of genetic variation on Chr 17 near 35 Mb: 
In contrast to the Chr 2 locus which contained only a single gene with a strong cis-eQTL, a 
locus on Chr 17 near 35 Mb contained several eQTLs for both cis- and trans-regulated immune 
related genes. Specifically, 17 and 15 probesets were regulated by cis- and trans-eQTL, 
respectively, located between 33 and 38 Mb on Chr 17 with an LRS > 15. The majority of the 
cis-regulated genes were related to the histocompatibility complex, including, for example, H2-
K1, H2-Oa, and H2-Q6. Except for H2-Ea-ps, all of the cis-regulated genes were highly 
correlated with each other; H2-Ea-ps had higher expression in strains with the D allele at this 
locus, while the other H2 genes had higher expression in strains with the B allele. To reduce the 
amount of data needed to examine the cis-regulated genes and, potentially, reduce the noise in 
the data obtained from single probesets, we used principal component analysis tools that are 
available in the GeneNetwork to select the first principal component (PC1) of the H2 genes with 
cis-eQTLs at this locus, excluding H2-Ea-ps. PC1 had a highly significant eQTL at Chr 17 near 
35 Mb, and we, therefore, used PC1 in our network modeling. While investigating the trans-
regulated genes to select genes for use in 
building gene network models, we observed 
that 3 chemokine receptor genes (Cxcr3, 
Ccl19, Cx3cr1) had trans-eQTLs at Chr 17 
near 35 Mb and included these genes in the 
model. Finally, we included rs13482958, 
which is located at 34.5 Mb on Chr 17, as 
the genotype node in the network. We used 
no restrictions when performing network 
structure learning. 
Figure 12 shows the structure of the gene 
network model for genes regulated by the 
Chr 17 locus. In contrast to the behavior 
found for the for the Chr 2 locus (Figure 11), 
the effect of the genotype at the locus on all 
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of the trans-regulated genes is not masked by the expression of the cis-regulated genes, as 
Ccl19 is the direct child of the genotype node. This result may be due to Ccl19 being influenced 
by a specific cis-regulated gene whose expression was not sufficiently captured by PC1. We 
performed leave-one-out cross validation to evaluate the network. The values of Q2 for 
predictions of PC1, Ccl19, Cxcr1, and Cxcr3 were 0.69, 0.51, 0.46, and 0.38, respectively.  

Key Research Accomplishments 
Developed integrated method for Bayesian network structure learning, parameter learning, 
cross-validation, and prediction of effects of external interventions. 
Implemented this method in the Bayesian Network Webserver, an easy-to-use tool for network 
modeling of systems genetics data 
Created Bayesian network model connecting Ctrq3 genotype with disease status in BXD mice 
after infection with Chlamydia psittaci 
Used the model to predict the effects of an external intervention, specifically macrophage 
depletion, and experimentally verified many of these predictions  
Found that genetic influence on of Chlamydia disease in strains with the resistant D genotype 
was a function of both increased resistance to and tolerance of high pathogen loads 
Created gene network models of immune-related genes in the spleens of BXD mice 

Reportable outcomes 

Presentations 
1. Poster presentation at the UT-ORNL-KBRIN Bioinformatics Summit, Cadiz, KY, USA,

2010. Linking genotype to phenotype with Bayesian network modeling of Chlamydia
infection.

2. Oral Presentation at the 10th Annual UT-ORNL-KBRIN Bioinformatics Summit, Memphis,
TN, USA, 2011. Ziebarth JD, Cui Y, Miyairi I. Using hybrid Bayesian network models to link
genotype with phenotype in infectious diseases.

Publications 
1. Ziebarth JD, Li B, Miyairi I, Cui Y. 2010. Linking genotype to phenotype with Bayesian

network modeling of Chlamydia infection. BMC Bioinformatics 11(Suppl 4):P19
2. Miyairi I, Laxton J, Ziebarth J, Williams R, Lu L, Byrne G, Cui Y. Systems Genetics

Analysis of Chlamydia psittaci infection. 2010. Proc. 12th Int. Symposium on Human
Chlamydial infections, Schachter et al eds, pp 197-200, June 20-25, Hof bei Salzburg,
Austria.

3. Bao L, Xia X, Cui Y. 2010. Expression QTL Modules as Functional Components Underlying
Higher-Order Phenotypes. PLoS ONE 5(12): e14313.

4. Miyairi I, Ziebarth J, Laxton JD, Wang X, van Rooijen N, Williams RW, Lu L, Byrne GI, Cui
Y. 2012. Host genetics and Chlamydia disease: prediction and validation of disease severity
mechanisms. PLoS ONE 7(3): e33781.

5. Ziebarth J, Bhattacharya, A, Cui, Y. Bayesian Network Webserver: a comprehensive tool for
biological network modeling. Submitted to Bioinformatics

Website 
Bayesian Network Webserver (BNW http//compbio.uthsc.edu/BNW) 
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Conclusions 

We have developed a comprehensive workflow for Bayesian network modeling of system 
genetics data and implemented this workflow in the Bayesian Network Webserver, to enabling 
network modeling for future investigation of responses to infectious diseases and other 
biological problems by our group, as well as the larger research community. We successfully 
employed the methods used in BNW to investigate differential susceptibility to infection with 
Chlamydia psittaci and differences in immune gene expression in BXD mice. We experimentally 
validated several of the predictions made by the Chlamydia model and, also, found that the 
resistant genotype was associated with both increased resistance to and tolerance of high 
pathogen loads after infection. 
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F. “Role of inflammasome-dependent cytokines IL-1β and IL-18 during mouse ling infection 
with virulent Francisella tularensis SchuS4” 
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CRH, Weiss DS. 2012. “A novel conserved deacytylase required for lipid A modification and 
Francisella virulence”. 
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Poster Session, 2012. “Host Genetic Loci Correlating with Differential Innate Immune 
Responsiveness to Acinetobacter baumannii infection”. 
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inflammasome and IL-18 during mouse lung infection with virulent Burkholderia
pseudomallei. In: Proceedings of the International Toll 2012 Meeting, Decoding Innate
Immunity, Riva del Garda, Italy, May 4-7, 2011.

6. Wang X, Mulligan MK, Mozhui K, Lu L, Chen Z, Nelson SF, Taylor WL, and Williams RW.
Comparison of variant detections using whole genome sequencing of the DBA/2J mouse
strain. The 10th Annual Complex Trait Consortium (CTC) Meeting, Washington DC, USA,
June 22-25, 2011.

7. Wodowski A, Jayakar H, Parvathareddy J, Bina XR, Bina JE, Miller MA. 2011. Visualization
of Intranasal Dosing Efficiency Using Luminescent Francisella tularensis. In: Proceedings of
UTHSC A.A-St Jude Research Lectureship and Medical Student Poster Session, 2011.

8. Llewellen AC, Zhao J, Song F, Flynn K, Xu Q, Napier BA, Bina JE, Cotter PA, Swanson
MS, Miller MA, Raetz CRH, Weiss DS. 2012. A novel conserved deacytylase required for
lipid A modification and Francisella virulence. In: Proceedings of the Regional Centers for
Excellence Meeting, 2012.

9. Sneed A, Parvathareddy J, Emery FD, Cui Y, Williams R, Miller MA. Host Genetic Loci
Correlating with Differential Innate Immune Responsiveness to Acinetobacter baumannii
infection. In: Proceedings of UTHSC A.A-St Jude Research Lectureship and Medical
Student Poster Session, 2012.



Abstract Form 

The BXD World 
International Meeting on BXD Phenotyping 

November 30 – December 1, 2009 

Title H5N1 pathogenesis and the role of host genetic diversity 

Authors Jacco Boon, Lu Lu, Robert Williams, Richard Webby 

Text (max. 250 words) 

Despite the prevalence of H5N1 influenza viruses in global avian populations, the number of human cases is 
comparatively few. Although viral factors almost certainly play a role in limiting human infection and disease, it 
is likely that host genetics contribute substantially. Indeed, a better understanding of the role of host factors in 
the infectious process is an important goal for controlling and treating infectious agents of all types. To 
investigate host factors in the context of influenza infection we determined the 50% mouse lethal dose (MLD50) 
of the H5N1 virus (A/Hong Kong/213/03 (HK213)) in sixteen inbred mouse strains. The maximum MLD50 
differences between the strains were 5-logs for HK213. Disease severity following HK213 infection was 
associated with differences in replication kinetics and a higher production of pro-inflammatory cytokines. 
Recombinant inbred BXD strains, derived from DBA/2J (susceptible to infection) and C57BL/6 (resistant to 
infection) mice were utilized to map survival to 3 quantitative trait loci. Analysis of gene expression of lung 
tissue from infected and uninfected resistant and susceptible mouse strains identified several candidate genes as 
host components modulating the infectious process. 

Please fill out the form, save the document on your 
computer and send as e-mail attachment or Fax to: 

Mrs. Sylvana Foth  
Dept. of Experimental Mouse Genetics, 

Helmholtz Centre for Infection Research, 

Fax     ++49-531-6181-1199 
E mail: BXD@helmholtz-hzi.de 
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Abstract 

The BXD World 
International Meeting on BXD Phenotyping 

November 30- December 1, 2009 

Title : Genetic susceptibilty to acute and chronic Chlamydia infection. 

Authors lsao Miyairi, Lu Lu, Robert W. Williams, and Gerald I. Byrne. 

Text (max. 250 words) 

Reports suggest susceptibility to Chlamydia in animal models is dependant on the model being studied. We 
previously showed that two p47GTPases: lrgb I 0 and 1rgm2 encoded on Chrll (ctrq3) confer a I 0000 fold 
difference in susceptibility to C57BL6J and DBA2J in an acute systemic (i.p.) Chlamydia psittaci infection 
model. Subsequent analysis of peak pathogen load and weight in BXD straillS also reveal the ctrq3 locus in 
defining susceptitibility. Twenty BXD strains that survive beyond the first week of infection were followed 
until 30 days post infection and their spleen weight and Chlamydia load was measured by quantitative PCR. 
Results reveal a 2.5log fold variation in Chlamydia load. QTL analysis of Chlamydia load reveals a significant 
LRS of33.57 at Chrl7 corresponding to the MHC class lllocus and suggestive LRS of 16.53 at both Chr9 and 
Chrll (not ctrq3). Trait correlations of the load and spleen weight was significant at r=0.855 (p=8.2 1E-17). 
Results demonstrate the important factor oftimjng in defining susceptibility factors to the dynamic process of 
infectious diseases 
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Systems Biology Approach to H5N1 Influenza A virus Pathogenesis 

Adrianus Boon1, Jennifer Debeauchamp1, Richard Webby1

1 St Jude Children’s Research Hospital, Memphis, TN, USA 

The genotype of the host has been implicated in the severity of and susceptibility to influenza A 
virus infections. The exact mechanism and genetic polymorphisms responsible are currently 
unknown and require a systems biology approach to uncover. Earlier work on recombinant 
inbred BXD mice, derived from resistant C57BL/6 and susceptible DBA/2 mouse strains, 
identified three genomic loci, known as Qivr (QTL for influenza virus resistance), that were 
associated with resistance to severe highly pathogenic H5N1 disease and mortality. In a second 
genetic screen we used chromosomal substitution strains (CSS) derived from C57BL/6 and 
another susceptible mouse strain, A/J, in which a single chromosome of C57BL/6J is substituted 
with the homologous chromosome of A/J. Of the nineteen CSS strains tested, C57BL/6J-Chr. 4 
A/J and C57BL/6J-Chr. 17 A/J were significantly more susceptible to highly pathogenic H5N1 
influenza A virus than the parental C57BL/6J, indicating that genetic polymorphisms on these 
chromosomes are responsible for the increased susceptibility of A/J mice. The increased 
susceptibility of C57BL/6-Chr. 4 A/J mice was associated with higher virus titers at days 2, 7 
and 9 post infection and increased expression of IFN-b1 and type I interferon induced proteins 
like Ptx3. To help identify the genetic polymorphism within the newly identified Qivr on Chr. 4, 
we have produced a series of congenic mouse strains containing C57BL/6 x A/J chimeras of 
chromosome 4. Preliminary analysis suggests that the polymorphism is located between 39 and 
135Mb on chromosome 4. In conclusion, the application of systems biology to H5N1 
pathogenesis has yielded significant results that will allow us to identify essential host proteins 
involved in resistance to severe influenza disease. 
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Role of inflammasome-dependent cytokines IL-1b and IL-18 during mouse lung infection with 
virulent Francisella tularensis SchuS4  

Ivonne Ceballos-Olvera, Manoranjan Sahoo, James E. Bina, Mark A. Miller, and Fabio Re 

Department of Microbiology, Immunology, and Biochemistry, The University of Tennessee Health Science 
Center, Memphis, TN 38163 

Francisella tularensis (Ft), a gram-negative facultative intracellular bacterium, is the etiologic agent of 
tularemia and a category A bioterrorism agent. Several studies have shown that the innate immune 
response to Ft infection is primarily mediated by activation of TLR2, by bacterial lipoproteins, and of 
caspase-1, through the AIM2 inflammasome, leading to secretion of bioactive IL-1b and IL-18. However, 
most of these studies were conducted using attenuated Francisella strains while relatively few studies 
have examined the innate immune response to the virulent SchuS4 Ft strain. We have examined the role 
of the inflammasome and characterized the functions of the proinflammatory cytokines IL-1b and IL-18 in 
mice that were infected intranasally with either the attenuated LVS or the virulent SchuS4 strains of Ft. 
Our results show that IL-1RI-, IL-18-, and IL-1RI/IL-18-deficient mice are more susceptible to Ft infection 
than the inflammasome-deficient mice. This was likely due to infammasome-independent generation of IL-
1b and IL-18 in the lungs of infected mice. We also demonstrate that IL-18 plays a role in the very early 
phase of the infection through its induction of IFNg. The function of IL-1 appears to be required at later 
time points and is essential for development of a protective adaptive response mediated by Th17 cells. 

 

 

Critical role of the NLRC4 inflammasome and IL-18 during mouse lung infection with virulent 
Burkholderia pseudomallei  

Manoranjan Sahoo, Ivonne Ceballos-Olvera, James E. Bina, Mark A. Miller, and Fabio Re 

Department of Microbiology, Immunology, and Biochemistry, The University of Tennessee Health Science 
Center, Memphis, TN 38163 

Burkholderia pseudomallei (Bp), a Gram-negative flagellated bacterium that is capable of replicating in 
macrophages, is the etiologic agent of the disease melioidosis and a category A bioterrorism agent. Little 
is known about the interaction of Bp with the host innate immune system. It has been shown that TLR4 
and TLR5 are activated during infection with Bp and that the type III secretion apparatus of Bp activates 
the NLRC4 inflammasome in vitro. However, the role of the inflammasome and of the proinflammatory 
cytokines IL-1b and IL-18 during melioidosis in mice has not yet been investigated. Here we showed that 
Bp infection of the lung leads to NLRC4-dependent production of IL-1b and IL-18. Mice deficient in the 
inflammasome components ASC, caspase-1, and NLRC4, but not NLRP3, were dramatically more 
susceptible to lung infection with Bp. Analysis of IL-1RI- and IL-18-deficient mice infected with Bp revealed 
that IL-18 is essential for survival. The primary role of IL-18 during melioidosis appears to be the induction 
of IFNg production. In contrast, the survival of infected IL-1RI-deficient mice was undistinguishable from 
that of wild type mice indicating that IL-1 does not play a prominent role in the pathogenesis of melioidosis. 
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Comparison of variant detection using whole genome sequencing of 

the DBA/2J mouse strain
Xusheng Wang1,  Megan K. Mulligan1, Khyobeni  Mozhui1, Lu Lu1, Zugen Chen2,  Stanley F. Nelson2, William L. 

Taylor1,  Robert W. Williams1

1. University of Tennessee Health Science Center, Memphis TN 38163
2. University of California, Los Angeles CA 90095

We generated  ~58X coverage for the DBA/2J genome using 
Illumina GAII and HiSeq2000 systems and ~42X using ABI SOLiD. 
We used six paired end libraries with insert lengths from 200 to 
4,000 bp, and aligned against the C57BL/6J genome. We detected 
4.16 million SNPs using Illumina and 4.09 M using SOLiD, of which 
3.38 M SNPs were common. Unshared SNPs were validated 93% 
of the time by resequencing with a total yield (~99.7% true) of 4.87 
M between strains. Each platform detects an large cohort of unique 
SNPs (15% per platform). We detected 0.56 M and 0.22 M indels 
using Illumina and SOLiD, respectively. Only 0.11 M were common. 
Finally, we identified 5,600 and 8,800 structural deletions using 
Illumina and SOLiD or which only 1,223 were common. An analysis 
of Illumina subsamples at 10, 20, 30, 40, and 55X demonstrates 
that platforms can rapidly reach a premature SNP detection 
asymptote that cannot be overcome simply by higher coverage. 
Indel and CNV detection is more challenging and even at 100–
120X we appear to be far from a ―full disclosure‖ on sequence 
variants even in these two strains. As is true for SNPs, each 
platform detects unique and genuine subsets of indels and CNVs. 
This incompleteness problem is compounded by the fact that 
assembly is biased by using a C57BL/6J scaffold and limitations of 
approaches used to detect variants.  

Sequencing data from multiple platforms with high coverage will be 
necessary for the next few years to extract the majority of variants, 
particularly large structural variants.  
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0

Conclusion

0

Methods

0

Acknowledgments

SNPs

DeletionsCNVs 

Variants comparison between SOLiD and Illumina

Genomic DNA was isolated from liver of two DBA/2J females. We 
sequenced DNA using ABI SOLiD and Illumina GA2/Hiseq2000 
platforms. GA2/Hiseq2000 reads were paired-end 100 bp-long 
whereas SOLiD reads were mate-paired and 25 and 50 bp-long. 
We also generated an amplification-free Illumina sequencing-
library, which enables us much improve de novo assembly of GC-
biased regions and thereby detect more variants. 

●Mapping and alignment
Reads were mapped to the C57BL/6J reference mouse genome 
(mm9) using MAQ and the SOLiD Corona Lite Pipeline for GA2 
and SOLiD reads, respectively.  

●Single nucleotide polymorphisms (SNPs) calling
SNPs from GA2/Hiseq2000 data sets were identified by MAQ SNP 
calling with a minimal read depth of 3 and a minimum consensus 
quality scores of 30 (P < 10E-3). SNPs from SOLiD data sets were 
also detected with a minimal read depth of 3 and a stringent 
confidence value of 0.5.

●Insertions and deletions
Indels were detected by MAQs and ABI Corona pipeline for GA2/
Hiseq2000 and SOLiD data sets, respectively. Large deletions (1 
bp – 10 kb) and medium-sized insertions (1 – 86 bp) were detected 
using GA2/HiSeq2000 reads. Smaller insertions  (1 – 11 bp) and 
deletions (1 - 36 bp) were detected using 50 bp SOLiD reads . 

●Copy number variants (CNVs)
Copy number variants were analyzed using an event-wise testing 
(EWT) method that is based on read depth and significance testing 
A common method was used for both platforms.

●Variants detection at different levels of coverage
We generated 55X coverage using Illumina. We divided data into 
10, 20, 30, 40 and 55X coverage—lane by lane—to detect SNPs, 
indels, and CNVs as described above. The sum of all variants 
detected using the combined 100X coverage was used as a 
reference against which subsamples were evaluated.

This work supported by the UT Center for Integrative and Translational Genomics and grants from NIAAA Integrative 
Neuroscience Initiative on Alcoholism (U01AA13499, U24AA13513 and U01AA014425).

Next Generation Sequencing (NGS) technology is now widely used 
to detect sequence and structural variants. Here we ask how 
coverage depth and platform affect the rate of detection of major 
classes of variants. 

Variants detection at different levels of coverage

Insertions

Summary of sequencing data for the DBA/2J genome

Assumed C57BL/6J reference genome size is 2.6 Gb.  
Read depth was determined by calculating all mapped 
nucleotides divided by the size of mouse genome. 

Insertions Deletions

Summary of sequencing data

Illumina GA2Platform

Read Length

Run number

Clone insert size

Mapped reads

Mapped nucleotides

Coverage

15

3.06 billion

25 bp / 50 bp

1k to 4k

108 billion

~ 42X

3

1.43 billion

100 bp

200 bp

153 billion

~58X

Distribution of coverage

SOLiD 

Illumina

False PositiveN SNPsPlatform

SNPs

ABI SOLiD 

Genomes of DBA/2J 
and C57BL/6J differ 
from each other at 
4.875 million SNPs

4,160,570 

4,090,000 

0.44%

0.65%

SNP summary:
1. A total number of

4.875 million SNPs 
were detected by 
combining Illumina and 
SOLiD data (red dot).

2. We estimate that
100X Illumina data 
would detect 4.71 
million SNPs (black 
dot).

3. 98% at SNPs are
detected at 40X.

SOLiD reads are 
relatively short. It is 
difficult to detect 
insertions using the 
B6 reference 
genome.

More than half of indels were detected exclusively by 
Illumina , whereas ~15% were detected exclusively by 
SOLiD.

GainLoss

False positive control 
for the low coverage
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Visualization of Intranasal Dosing Efficiency Using Luminescent Francisella tularensis 
Mark A. Miller PhD, Himangi Jayakar PhD, Jyothi Parvathareddy, Xiaowen R. Bina PhD, 
James E. Bina PhD, University of Tennessee Health Science Center, Memphis, TN 

OBJECTIVE: Administration of drugs, vaccine candidate, and/or pathogenic challenges to mice 
via the intranasal route is a widely used experimental procedure. However, there is a paucity of 
published literature describing the efficiency of intranasal dosing. We have hypothesized that a 
luminescent murine model of Francisella tularensis live vaccine strain (FTLVS) infection would 
allow visualization and evaluation of the efficiency of intranasal dosing. 

STUDY DESIGN: FTLVS was transformed with a novel reporter plasmid (pXB173-lux) that 
constitutively expresses the Photorhabdus luminescens lux operon from a Francisella promoter. 
We evaluated the ability of FTLVS to retain the reporter plasmid when grown in the absence of 
antibiotic selection in vitro and in vivo. Individual bacterial colonies plated from either serially 
passaged broth cultures or the spleens of infected mice (over a five-day period), were scored for 
light production. We then used FTLVS bearing the luminescent reporter plasmid to determine 
the ideal bolus volume for intransal delivery of liquid suspensions into the lungs. Mice were 
challenged with FTLVS-pXB173-lux (1 x 106 CFU) in a total volume of 5µl, 10µl, 25µl, or 50µl of 
vehicle per nare. Whole-animal live IVIS imaging was then performed to visualize dissemination 
of luminescent bacteria in real-time.  

RESULTS: Transformation of FTLVS with the pXB173-lux vector rendered FTLVS luminescent, 
and the vector was retained at a relatively high rate by the bacteria during both in vitro and in 
vivo growth. Dosing experiments using luminescent bacteria and IVIS whole-animal imaging 
yielded convincing visual evidence that intranasal administration of bacteria in volumes of 5-10 
µl/nare initiated an upper airway infection but failed to efficiently deliver bacteria into the lungs. 
However, dosing in a volume of 25-50 µl/nare results in pulmonary delivery of the bacteria. 
These images also revealed that an upper airway infection with FTLVS failed to disseminate to 
the lungs. 

CONCLUSION: Intranasal administration of mice with an FTLVS suspension in a dose volume 
of 5 µl/nare typically resulted in infection of the upper airways but very inefficient delivery into 
the pulmonary compartment. Efficient delivery of an FTLVS suspension into the lungs via the 
intranasal route requires a dose volume of approximately 25 µl/nare. 

EMAIL CONTACT: awodowsk@uthsc.edu 
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Center of Excellence for Emerging Infections and Biodefense, by NIH grants AI074582, 
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Host Genetic Loci Correlating with Differential Innate Immune Responsiveness to Acinetobacter baumannii 
infection  
Andrew Sneed, Jyothi Parvathareddy, Felicia D. Emery, Yan Cui PhD, Robert A. Williams PhD, and Mark A. Miller 
PhD, University of Tennessee HSC (Department of Microbiology, Immunology & Biochemistry) 

Abstract 

Acinetobacter baumannii has become one of the most important causes of nosocomial infections, and as such, this 
bacterial pathogen is of serious public health concern. Infections with this opportunistic organism are difficult to treat 
because Acinetobacter encodes a wide array of antibiotic resistance genes. Although Acinetobacter causes some 
maladies that are rather benign, it can also cause high morbidity/mortality illnesses that include pneumonias, wound 
infections, and bacteremic disease.  

Our goal is to use a murine model of Acinetobacter infection to gain a better understanding of the interactions 
between this bacterium and its hosts. Preliminary studies revealed that Acinetobacter infection elicits phenotypically 
distinct innate immune responses in C57BL/6J and DBA/2J mice. Therefore, we decided to utilize a powerful mouse 
genetics resource (that was developed by Dr. Robert Williams and colleagues here at the UTHSC) to elucidate the 
host gene network that controls innate immune responses to Acinetobacter. This genetics resource consists of a 
panel of fully genotyped recombinant inbred mice that were derived from the C57BL/6J and DBA/2J parental inbred 
strains (commonly referred to as BXD mice) and a powerful array of complementary computer-based modeling 
approaches collectively known as the GeneNetwork. Using these resources, we have performed preliminary interval 
mapping that has identified a locus on chromosome 10 that appears to correlate with the differential recruitment of 
immune cells to the lungs following pneumonic infection with Acinetobacter. We have also identified a number of 
additional phenotypic differences in the innate immune responses produced by the parental mouse strains that can 
be used as readouts for interval mapping studies in BXD mice. These readouts include several cytokines that are 
differentially expressed in the lung compartment following infection. Preliminary studies using these readouts have 
identified genetic loci on chromosomes 6, 14, and 19 that correlate well with the production of several cytokines 
during the innate immune response to Acinetobacter infection.  

These results form the foundation for work that will significantly increase our understanding of the interactions 
between Acinetobacter and its hosts. Moreover, these studies could facilitate a much better global understanding of 
the multifactorial events that result in innate immune cell recruitment to the lungs following pneumonic bacterial 
infection. 

Contact 
asneed1103@gmail.com 
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Binding and activation of host plasminogen on
the surface of Francisella tularensis
Shawn R Clinton, James E Bina, Thomas P Hatch, Michael A Whitt, Mark A Miller*

Abstract

Background: Francisella tularensis (FT) is a gram-negative facultative intracellular coccobacillus and is the causal
agent of a life-threatening zoonotic disease known as tularemia. Although FT preferentially infects phagocytic cells
of the host, recent evidence suggests that a significant number of bacteria can be found extracellularly in the
plasma fraction of the blood during active infection. This observation suggests that the interaction between FT and
host plasma components may play an important role in survival and dissemination of the bacterium during the
course of infection. Plasminogen (PLG) is a protein zymogen that is found in abundance in the blood of
mammalian hosts. A number of both gram-positive and gram-negative bacterial pathogens have the ability to bind
to PLG, giving them a survival advantage by increasing their ability to penetrate extracellular matrices and cross
tissue barriers.

Results: We show that PLG binds to the surface of FT and that surface-bound PLG can be activated to plasmin in
the presence of tissue PLG activator in vitro. In addition, using Far-Western blotting assays coupled with proteomic
analyses of FT outer membrane preparations, we have identified several putative PLG-binding proteins of FT.

Conclusions: The ability of FT to acquire surface bound PLG that can be activated on its surface may be an
important virulence mechanism that results in an increase in initial infectivity, survival, and/or dissemination of this
bacterium in vivo.

Background
Francisella tularensis (FT) is a Gram-negative intracellu-
lar pathogen that is the etiological agent of a multi-syn-
dromic disease with a high morbidity/mortality that is
referred to as tularemia. The pneumonic form of tulare-
mia is of particular concern because of the high mortal-
ity rate (up to 60%) following inhalation of as few as ten
organisms [1-4]. Francisella species are found through-
out the Northern Hemisphere and infect a variety of
vertebrate and invertebrate hosts [5,6]. Infections with
FT can be contracted from blood sucking insects, such
as the deer fly [5,7], mosquitoes [8,9], and ticks [5,7,10],
and by open-wound contact with infected animal tissue
[5,11,12].
Upon entry into a susceptible vertebrate host, FT is

readily phagocytized by resident macrophages and den-
dritic cells and quickly escapes into the cytoplasm
[13,14] where it multiplies. Late in its replicative cycle,

FT induces apoptotic death of the host phagocyte,
resulting in release of progeny bacteria that can infect
new host cells. Recent studies have shown that signifi-
cant numbers of FT are found in the acellular plasma
fraction of mice infected intradermally or intranasally
with either FT Live Vaccine Strain (LVS) (Type B) or
FT Schu S4 (Type A) [15], and intranasally with FT
novicida [16]. These findings suggest that, in addition to
utilizing the intracellular cytoplasmic niche for replica-
tion and protection from humoral immunity, FT may
also have a significant extracellular phase. Several stu-
dies have shown that deposition of host complement
component C3 on the surface of FT is required for
opsonophagocytosis by activating CR3 and CR4-
mediated phagocytosis by macrophages and dendritic
cells [14,17,18]. It is also known that FT is relatively
resistant to complement-mediated lysis [19]. A recent
report suggested that resistance of FT to membrane
attack complex-mediated lysis may be due (at least in
part) to its ability to bind to factor H from host plasma
[20]. It is possible that the ability of FT to bind to factor
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H and potentially to other host plasma components
plays a significant role in its pathogenesis.
It has been long established that a broad spectrum of

both gram-positive and gram-negative bacterial patho-
gens gain a survival advantage by interacting with com-
ponents of the host coagulation/fibrinolytic system in
humans [21-24]. For instance, the ability to acquire sur-
face-associated plasmin has been documented as an
important virulence mechanism in Group A streptococci
[25], Borrelia burgdorferi [26], and Yersinia pestis [27]
by aiding in the organism’s ability to penetrate the
extracellular matrix and to disseminate to distal sites in
the host. Plasminogen (PLG) is a 92-kDa glycoprotein
zymogen that is involved in fibrinolysis. This precursor
protein is converted to an active serine protease (plas-
min) by cleavage of the peptide bond between residues
R560and V561 in vivo via urokinase-type (uPA) and/or
tissue-type (tPA) PLG activators. Plasmin has an impor-
tant role in blood clot resolution because of its role in
the degradation of fibrin polymers. Because plasmin has
other substrates that include pro-collagenases, pro-
metalloproteinases, and extracellular matrix proteins,
such as fibronectin, laminin, and vitronectin, the ability
of a bacterium to acquire surface-associated plasmin can
result in an enhanced ability of the pathogen to pene-
trate the extracellular matrix and to disseminate to dis-
tal sites in the host [21,23,25]. In this report we show
that PLG binds to the surface of FT in vitro and that
surface-bound PLG can be converted to the active plas-
min form. In addition, using a combination of Far-Wes-
tern blotting analyses coupled with proteomic
methodologies, we have identified several FT proteins
that can bind to human PLG in vitro.

Results
Binding of PLG from fresh human plasma to the surface
of FTLVS
We used an ELISA assay to determine that PLG in fresh
frozen plasma (FFP) binds to FTLVS grown to mid-log
phase in BHI (Figure 1). Binding was inhibited when ε-
aminocaproic acid (εACA), known to inhibit binding of
PLG to lysine groups in proteins, was included in the
incubation mixture. To help eliminate the possibility of
non-specific binding of PLG due to its high concentra-
tions in human plasma and also to rule out the contri-
butions of other plasma proteins, we used purified
human Glu-PLG (huPLG) and noted similar results to
those observed when FFP was used (Figure 2A). We
also found that huPLG binds to the highly virulent Schu
S4 strain of FT at moderately higher levels than
observed with FTLVS (Figure 2B). We confirmed that
binding of huPLG to FT is a lysine-dependent interac-
tion by showing that increasing concentrations of εACA
can inhibit binding of huPLG to FTLVS in a dose-

dependent fashion (Figure 3). When similar concentra-
tions of glycine were used as an inhibitor control, no
inhibition of huPLG binding was observed (data not
shown). Confocal microscopic analyses suggested that
huPLG binds to the surface of FT (Figure 4); however, it
is possible that some of the staining observed was the
result of huPLG penetration into the outer envelope of
FT. Although is has been reported that culture media
composition can have a significant impact of the surface
properties and virulence characteristics of FTLVS [28],
we observed no differences in the ability of PLG to bind
to the surface of FTLVS grown in modified Mueller-
Hinton medium vs. brain-heart infusion broth (data not
shown).

Plasmin activation on the surface of FT LVS in vitro by a
PLG activator
In other bacterial systems, surface-bound PLG can be
converted to its proteolytically active plasmin form that
contributes to the organism’s virulence [21-24]. To test
whether huPLG bound to FTLVS can be converted
to plasmin, we used a chromogenic plasmin substrate

Figure 1 FT binds to PLG from human plasma. FTLVS cultured to
mid-log phase in BHI broth were bound to wells of microtiter plates
and then incubated for 1 hour with fresh frozen human plasma
(FFP) in the presence or absence of 100 mM ε-amino caproic acid
(εACA), a PLG-binding inhibitor. A modified ELISA was performed to
measure FTLVS-bound PLG. The results shown are representative of
3 experiments of similar design. Bars indicate +/- SEM in triplicate.
Statistical analysis was performed via one-way ANOVA using a
Dunnett’s Multiple Comparison post-test (*** P < .001).
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(H-D-Val-Leu-Lys-pNA) to detect proteolytic activity
following the addition of tissue PLG activator (tPA)
(Figure 5). We also found that plasmin on the surface of
FT can break down fibronectin (Figure 6), suggesting
that FT-bound plasmin can potentially participate in the
degradation of extracellular matrices.

Identification of putative Francisella PLG-binding
membrane proteins
We used Far-Western Blot methodology and mass spec-
trometry to identify potential PLG receptors in the Sar-
kosyl soluble and insoluble FTLVS membrane fractions
(Figure 7). Sarkosyl is a weak anionic detergent in which
many outer membrane proteins of Gram-negative bac-
teria are insoluble [29]. We transferred the Sarkosyl-
treated proteins to a PVDF membrane and incubated
the membrane with PLG and identified bound PLG by
reaction with anti-PLG mAbs (Figure 7a). We used the
relative migration rates of the reactive bands to identify
the reactive proteins on a duplicate Coomassie-stained
polyacrylamide gel (Figure 7b), which were then excised
for proteomic analysis by mass spectrometry. Several
prominent PLG-binding proteins were noted in the total
membrane fraction of FTLVS, all but one of which was
found in the Sarkosyl insoluble fraction (Figure 7b). The
identity of the prominent proteins from this assay (Fig-
ure 7c) are the products of the following genes:
FTL_1328 (outer membrane associated protein, fopA1),
FTL_1042 (FKBP-type peptidyl-prolyl cis-trans isomer-
ase family protein), FTL_0336 (peptidoglycan-associated
lipoprotein), FTL_0421 (hypothetical lipoprotein, lpn-A),
and FTL_0645 (hypothetical lipoprotein).

Discussion
Until recently FT has been considered an intracellular
pathogen whose dissemination to tissues distal to the
site of initial infection was highly dependent on its abil-
ity survive within host macrophages. The observation
that FT can be found in relatively high numbers in the
acellular plasma fraction of its mammalian host [15,16]
suggested that FT may have a significant extracellular
component to its life cycle and that interactions between
FT and one or more plasma proteins could contribute
to its ability to disseminate within the host. There are a
number of examples of bacterial pathogens that utilize
interactions with host plasma components to enhance
their ability to colonize and to penetrate the extracellu-
lar matrices of host cells/tissues. A wide range of bacter-
ial pathogens (including Francisella) subvert the
destructive mechanisms of the complement cascade by
acquiring surface-bound complement control proteins
[20,30-34]. Moreover, a number of Gram-positive bac-
terial pathogens including streptococcal spp. [35,36], sta-
phylococcal spp. [37-40], and Bacillus anthracis [41,42],

Figure 2 Purified huPLG binds to FTLVS and FTSchuS4. FTLVS
(Panel A) and FTSchuS4 (Panel B) were bound to microtiter wells
and incubated for 2 hours with purified huPLG (3 μg/ml) in the
presence or absence of 10 mM εACA). A modified ELISA was
performed to measure FTLVS-bound huPLG. The results shown are
representative of four (Panel A) and one (Panel B) experiments,
respectively, of similar design. Bars indicate +/- SEM in triplicate.
Statistical analysis was performed via one-way ANOVA using a
Dunnett’s Multiple Comparison post-test (*** P < .001).

Figure 3 εACA inhibits huPLG binding to FT in a dose-
dependent fashion. FTLVS was coated onto microtiter plate wells
and incubated for 2 hours with purified huPLG (3 μg/mL) in the
presence or absence of titrated concentrations of εACA. The results
shown are representative of 3 experiments of similar design. Bars
indicate +/- SEM in triplicate. Statistical analysis performed via one-
way ANOVA using a Kruskal-Wallis test determined a p-value of
< 0.0001.
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Figure 4 PLG binds to the outer envelope of FT. Laser scanning confocal microscopy of PLG-associated FTLVS was performed as described in
“Materials and Methods”. Bound huPLG ligand was detected using sheep anti-human PLG antibody followed by incubation with Dylight-488
conjugated donkey, anti-sheep/goat IgG secondary antibody. Samples were visualized using a Zeiss LSM 510 confocal microscope.

Figure 5 FT surface-bound huPLG can be converted to
plasmin. FTLVS was incubated with huPLG at a concentration of 96
μg/mL. After removal of unbound huPLG, a chromogenic plasmin
substrate (D-VLK-pNA), tissue PLG activator (tPA), or both were then
added to test the proteolytic ability of each sample preparation.
Conversion of the chromogenic substrate was measured by
comparison of Δ405 nm. The results shown are representative of 3
experiments of similar design. Bars indicate +/- SEM in triplicate.
Statistical analysis was performed via one-way ANOVA using a
Dunnett’s Multiple Comparison post-test (*** P < .001).

Figure 6 Fibronectin is a substrate for plasmin bound to FT.
FTLVS (109 CFU) were incubated with 100 μg of huPLG and 0.5 μg
tissue tPA for 1 hour at 37°C. After removal of unbound huPLG and
tPA, 3 μg fibronectin was added and allowed to incubate for 24
hours at 37°C. Supernatant from each preparation were separated
by SDS-PAGE and transferred to PVDF membrane. Degradation of
fibronectin was detected by Western blot analysis as described in
“Materials and Methods”.
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as well as Gram-negative bacteria such as Pseudomonas
aeruginosa [43] have been shown to augment their inva-
sive capacity by interacting with fibrinogen, fibronectin,
and/or PLG. Yersinia pestis is probably the best-charac-
terized example of a pathogen that exploits the host
fibrinolytic system to penetrate host tissues. Yersinia
expresses a surface serine protease (designated Pla)
whose substrates include several complement compo-
nents, PLG, and alpha2-antiplasmin (the primary circu-
lating inhibitor of plasmin). Pla also has adhesin activity
and binds to laminin (a glycoprotein of mammalian
basement membranes). Because Pla upregulates plasmin
activity, and because laminin is a substrate of plasmin,
Yersinia can very efficiently penetrate basement mem-
branes of host tissues [for review, see Suomalainen et.
al. [44]]. Clearly, interaction with plasma components is
a strategy that is used by many bacterial pathogens to
gain a survival advantage within their hosts.
The goal of the studies described here was to deter-

mine whether FT has the potential to use the host fibri-
nolytic system (specifically PLG) to enhance its ability to
penetrate/disseminate following infection of a mamma-
lian host. Our results indicate that both FTLVS and
FTSchuS4 are able to acquire surface bound PLG in
vitro and that this zymogen can be converted by a host-
derived PLG activator into its active serine protease
form (plasmin) while bound to FTLVS. The ability of
PLG to bind its ligands typically involves its lysine-bind-
ing kringle domains. This specific interaction between
PLG and exposed lysine residues can be inhibited with
the lysine-analogue εACA and, to a lesser extent, with
free lysine. Our findings revealed that binding of PLG to
the surface of FTLVS could be inhibited by εACA in a
dose-dependent fashion. Moreover, we showed that
plasmin bound to the surface of FT could degrade

fibronectin. This finding supports our hypothesis that
the ability of FT to bind to serum plasmin may enhance
its ability to penetrate extracellular matrices, enhancing
its ability to disseminate in vivo.
Using a ligand-blotting technique coupled with pro-

teomic methodologies we identified five FTLVS proteins
that were able to bind to PLG, each of which are highly
conserved among the various FT type A and B strains.
Three of these proteins are lipoproteins (gene products
of FTL_0336, FTL_0421, and FTL_0645). Two of the
lipoproteins are unique to FT, while the third, peptido-
glycan-associated lipoprotein (PAL), is highly conserved
among gram-negative bacteria. The specific use of sur-
face-exposed lipoproteins as receptors for host PLG is
not unusual and has been well documented in other
human bacterial pathogens, such as some members of
the genus Borrelia and Treponema. Several members of
the genus Borrelia use complement regulator-acquiring
surface proteins (CRASP) to bind both PLG and com-
plement factor H to aid in the ability of the organism to
both disseminate and to resist innate immunity [45-50].
An additional example of a PLG-binding lipoprotein is
OppA of Treponema denticola, which has been sug-
gested to play a role in periodontal disease in humans
[51]. With this in mind, there lies the possibility that
lipoproteins of Francisella species may have the capacity
to bind multiple host-derived proteins in addition to
PLG.
Here we have shown that FT can bind to PLG and

that surface-bound PLG can be activated by tPA to its
proteolytic form (plasmin). The binding of PLG on the
surface of FT could play a role in several phases of
tularemia, including the initial entry into the host
through insect bites and/or broken skin where active
fibrinolytic processes would provide an early

Figure 7 Identification of putative PLG-binding proteins of FT. Sarkosyl-soluble and insoluble protein fractions of FTLVS were separated by
SDS-PAGE and transferred to PVDF membrane. Membranes were then blotted with huPLG (3 ug/mL) followed by anti-PLG antibody and HRP-
conjugated secondary antibody to detect PLG-binding proteins (Panel A). Protein bands on an identical Coomassie Blue-stained SDS-PAGE gel
corresponding to those identified via blotting (Panel B) were excised and identified using proteomic methodologies (Panel C).
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opportunity for FT to acquire proteolytic activity that
might augment the establishment or dissemination of
infection. During later phases of tularemia the acquisi-
tion of plasmin on the cell surface may contribute to its
pathogenicity by degrading host innate effector mole-
cules and extracellular matrix components. Based on the
new report that FT-bound plasmin can degrade immu-
noglobulins [52], as well as the established ability of FT
to acquire surface-bound factor H [20], it also appears
likely that FT uses plasma components to interfere with
host humoral immune mechanisms throughout the
course of FT infection. Future studies to identify addi-
tional plasma components that can be surface acquired
by FT may uncover additional virulence mechanisms
used by this pathogen during its extracellular life cycle.

Conclusions
FT interacts with at least two serum components (plas-
min, and complement factor H), and it seems likely that
FT also uses interactions with additional host serum
components to gain a survival advantage. Our lab is
examining FT interactions with additional targets,
including fibrinogen and fibronectin, both of which are
substrates for plasmin and are host components that are
known to be exploited by numerous pathogens for adhe-
sion to and penetration of extracellular matrix layers.
The interaction of FT with host serum components may
play a significant role in the survival and dissemination
of this highly pathogenic bacterium. Gaining a better
understanding of these interactions could be a critical
step in the development of therapeutic and prophylactic
interventions for tularemic disease.

Methods
Bacterial strains and culture
F. tularensis Live Vaccine Strain (FTLVS) was a kind gift
of Dr. Karen Elkins (FDA, Bethesda, MD). FT Schu S4
was obtained from the CDC. All bacterial cultures were
grown overnight in Brain-Heart Infusion broth (37 g/L,
pH 6.8) from frozen stocks at 37°C with shaking to mid-
log phase (OD600 = ~0.7) before use.

Reagents
Human fresh frozen plasma (FFP) was purchased from
Lifeblood Mid-South Regional Blood Center (Memphis,
TN). Purified human Glu-PLG (huPLG), human single-
chain tissue PLG activator (tPA), and the plasmin
colorimetric substrate (H-D-Val-Leu-Lys-pNA) were
purchased from Molecular Innovations (Novi, MI).
Bovine serum albumin (fraction V) was purchased from
Thermo-Fisher Scientific (Pittsburgh, PA). Polyclonal
sheep anti-human PLG, anti-human fibronectin, and
donkey anti-sheep/goat IgG:Dylight-488 antibody pre-
parations purchased from AbD Serotec (Raleigh, NC).

Monoclonal anti-goat/sheep IgG-horseradish peroxidase
conjugated secondary antibody (clone GT-34) and
ε-aminocaproic acid (A7824) were purchased from
Sigma-Aldrich (St. Louis, MO). Ninety-six well MAXI-
SORP ELISA plates were purchased from Nunc (Roche-
ster, NY).

PLG binding ELISA assays
FTLVS was cultured overnight to mid-log phase, pelleted
at 6,400 × g for 30 minutes, washed twice with phos-
phate-buffered saline (PBS), and resuspended in PBS
with 0.1% Na azide to an OD600 = 0.1. The resulting bac-
terial suspension was added to microtiter plates (100 μL/
well; approximately 2.5 × 108 bacterial cells) before being
incubated overnight at 4°C to facilitate binding. The wells
were then washed twice with 200 μL of Tris-buffered sal-
ine (TBS) pH 7.45 containing 0.05% Tween-20 (TBST) to
remove unbound bacteria and then pre-blocked with 200
μL of TBST containing 1% bovine serum albumin (1%
BSA-TBST) for 1 hour at RT° to prevent non-specific
protein binding. After removal of the blocking solution,
90% citrated human plasma or 3 μg/mL huPLG in 1%
BSA-TBST was added to each well (100 μL), with or
without the indicated concentrations of ε-amino caproic
acid (εACA), and incubated for 1-2 hours at 37°C with
gentle rocking. Wells were washed three times with
TBST and then sheep anti-human PLG-specific antibody
(1:2,000 dilution in 1% BSA-TBST) was added (100 μL/
well) and allowed to incubate for 1 hour at 37°C.
Unbound primary antibodies were removed by washing
three times with TBST, followed by the addition of HRP-
conjugated anti-sheep/goat IgG mAb (GT-34, 1:5,000
dilution in 1% BSA-TBST; 100 μL/well) and incubation
for 1 hour at 37°C. Unbound secondary antibodies were
removed by washing four times with TBST, and OptEIA
TMB colorimetric substrate solution (Becton-Dickenson,
Franklin Lakes, NJ) was added to each well (100 μL/well)
and incubated at 37°C for 20 min. to allow color develop-
ment. Absorbance at 450 nm was determined using a
SpectraMAX 340 plate reader (Molecular Devices, Sun-
nyvale, CA).

Indirect immunofluorescence assays
FTLVS was cultured and washed as described above.
After diluting the washed bacteria to OD600 = 0.1, 1 mL
aliquots were incubated with a total of 40 μgs of PLG or
PBS (negative control) for 30 minutes at 37°C with gen-
tle rotation. Bacteria were then washed three times with
PBS by centrifugation, resuspended in 100 μL of PBS,
followed by spotting 20 μL of each sample onto glass
coverslips. The samples were then air-dried overnight at
37°C. After methanol fixation, the coverslips were
blocked with 1% BSA-PBS at room temperature before
adding sheep anti-human PLG (1:100 diluted in 1%
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BSA-PBS) for 30 minutes at room temperature. The
coverslips were gently washed with PBS before adding
donkey anti-sheep/goat IgG:Dylight-488 (1:100 diluted
in 1% BSA-PBS), followed by incubation for 30 minutes
at room temperature. After washing again with PBS,
coverslips were mounted onto glass slides using 100%
glycerol containing 0.1 M n-propyl gallate and images
were collected on a Zeiss LSM 510 confocal microscope
with an Axiovert 100 M base with a 100× Plan Apoc-
hromat 1.4 NA oil DIC objective using the argon laser
for 488 nm excitation and 505-530 nm bandpass emis-
sion filter for imaging Dylight488 fluorescence and the
HeNe1 543 nm laser for illumination of the DIC images.
Both images were collected using identical detector gain
and amplifier offset settings, and the images shown are
1.0 μm optical slices. Digital images were visualized
using Zeiss AxioVision LE software.

Chromogenic plasmin activation assay
FTLVS was cultured overnight to mid-log phase, washed
twice with TBS and then resuspended in TBS to an
OD600 of 0.7. Aliquots of the bacterial suspension
(50 μL) was added to 50 μL of TBS alone or TBS con-
taining huPLG (192 μg/mL) and incubated for 1 hour at
37°C. The cells were washed 3× with TBST containing
0.1% BSA, and pellets were resuspended in 200 μL of
TBS and then split into two 100 μL aliquots. 50 μL of
50 mM Tris-HCl (pH 7.45) with or without 333 μM of
the chromogenic plasmin substrate (H-D-Val-Leu-Lys-
pNA) and 50 μL 1.2 μg of tPA or TBS alone was added
to each sample and incubated at 37°C for 3 h. Bacteria
were pelleted via centrifugation and 150 μL of each
supernatant was pipetted into a 96-well plate and absor-
bance at 405 nm was determined as a measure of plas-
min activity.

Membrane protein fractionation
Outer membrane enriched fractions were isolated by a
procedure adapted from de Bruin, et al [53]. FTLVS
were grown in BHI broth (500 ml) to mid-log phase and
then were pelleted via centrifugation at 6,400 × g for 30
minutes. Cells were resuspended in cold PBS and then
lysed by sonication. Unlysed bacterial cells were sepa-
rated from the whole-cell lysate by centrifugation at
10,000 × g for 20 minutes at 4°C. The insoluble mem-
brane fraction was then isolated by ultracentrifugation
for 1 hour at 100,000 × g at 4°C. After removal of the
soluble protein fraction, the pelleted total membrane
fraction was resuspended in 1% sarkosyl with vortexing
and subjected to a second round of ultracentrifugation
for 1 hour at 100,000 × g at 4°C. The Sarkosyl-insoluble
pellet was resuspended in 50 mM Tris pH 8. The pro-
tein concentration of both the Sarkosyl-soluble and Sar-
kosyl-insoluble fractions was determined using the DC

protein assay (Bio-Rad, Hercules, CA) according to
manufacturer directions. Samples were stored at -20°C
until use.

Fibronectin degradation assay
Overnight cultures of FTLVS were washed three times
with PBS, 109 CFU were pipetted into 1.5 mL tubes, and
bacteria were pelleted via centrifugation at 18,900 × g
for 10 minutes. Bacterial pellets were then resuspended
in 50 μl of PBS with or without PLG (2 mg/ml), fol-
lowed by the addition of 50 μl of tPA (10 μg/mL) and
incubation at 37°C with gentle shaking for 1 hour. The
bacterial suspensions were pelleted via centrifugation at
18,900 × g, washed 3× with PBS and resuspended with
100 μl of 50 mM Tris, 100 mM NaCl, 5 mM CaCl2)
with 3 μg fibronectin (BD Biosciences) and incubation
at 37°C with gentle shaking for 24 hours. After the incu-
bation was complete, bacteria were pelleted via centrifu-
gation at 18,900 × g and the supernatants were
solublized by boiling in 2× SDS-PAGE sample buffer
containing 2-mercaptoethanol. Samples were subjected
to 10% SDS-PAGE and then electrophoretically trans-
ferred to a PVDF membrane (Immobilon-P, Millipore).
The PVDF membrane was pre-blocked with 1% BSA-
TBST for 1 hour at RT to minimize non-specific protein
binding, and was then incubated with sheep anti-human
fibronectin-specific antibody (diluted 1:2000 in 1% BSA-
TBST) for 1 hour at RT with gentle rocking. The PVDF
membrane was washed three times with TBST to
remove unbound primary antibody. The membrane was
then incubated in a solution of anti-sheep/goat IgG
monoclonal antibody (GT-34, diluted 1:5000 in 1%BSA-
TBST) with rocking for 1 hr at RT. The PVDF mem-
branes were washed 3 times with TBST to remove
unbound secondary antibody. The blot was developed
using Pierce PicoWest chemiluminescence reagents and
images were captured using a Bio-Rad ChemiDoc XRS
system.

Far-Western blotting analysis
Approximately 100 μg of each protein fraction was pre-
cipitated using ice-cold acetone, pelleted via centrifuga-
tion at 18,900 × g for 15 minutes, and air-dried at room
temperature. The samples were then solublized by boil-
ing in 1× SDS-PAGE sample buffer containing 2-mer-
captoethanol. Duplicate 20 μL aliquots of each sample
were subjected to 15% SDS-PAGE to separate the pro-
teins based on their size. One set of the samples was
then electrophoretically transferred to a PVDF mem-
brane (Immobilon-Psq, Millipore). The PVDF mem-
brane was pre-blocked with 1% BSA-TBST for 1 hour at
room temperature to minimize non-specific protein
binding and was then incubated in a solution of huPLG
(3 ug/mL in 1% BSA-TBST) for one hour with rocking
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at 37°C. Unbound PLG was removed by washing three
times with TBST. Sheep anti-human PLG-specific anti-
body (diluted 1:2,000 in 1% BSA-TBST) was added
(100 μL/well) and allowed to incubate for 1 hour at RT°
with rocking. The PVDF membrane was washed three
times with TBST to remove unbound primary antibody.
The membrane was then incubated in a solution of
anti-sheep/goat IgG monoclonal antibody (GT-34,
diluted 1:5,000 in 1%BSA-TBST) with rocking for 1 hr
at room temperature. The PVDF membranes were
washed three times with TBST to remove unbound sec-
ondary antibody. The blot was developed using Pierce
PicoWest chemiluminescence reagents and imaged
using a Bio-Rad ChemiDoc XRS system.

Proteomic identification of PLG-binding FT proteins
Protein bands were excised from Coomassie-stained
SDS-PAGE gels, cut into small pieces, incubated in 50%
acetonitrile/100 mM ammonium bicarbonate until col-
orless, and dried via vacuum centrifugation. The protein
was digested by adding 20 μl of a 20 ng/μl trypsin solu-
tion and incubating overnight at 37°C. Peptides were
extracted from the gel slices via sonication in 50 μl 60%
acetonitrile/5%TFA, dried via vacuum centrifugation,
and reconstituted in 15 μl 0.1% TFA. Tryptic peptides
were desalted/enriched using a C18 ZipTip column
(Millipore, Billerica, MA) according to manufacturer’s
instructions and the eluant was spotted on a MALDI
plate and dried. Samples were analyzed using a
MALDI-LTQ mass spectrometer (ThermoFinnigan, San
Jose, CA). A full MS scan in high-mass range (m/z 600-
4000, 5 microscans) was performed. The 50 most
intense peaks in the full MS spectrum were selected,
and MSMS scans were performed for those ions in
high-mass range (m/z 50-4000, 5 microscans), the nor-
malized collision energy for MSMS was 35. Xcalibur
software was used to process the mass spectrometric
data, and the NCBInr database and the Bioworks 3.2
search engine software were used for database
searching.
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a b s t r a c t

A Francisella tularensis shuttle vector that constitutively expresses the Photorhabdus
luminescens lux operon in type A and type B strains of F. tularensis was constructed. The bio-
luminescence reporter plasmid was introduced into the live vaccine strain of F. tularensis
and used to follow F. tularensis growth in a murine intranasal challenge model in real-time
by bioluminescence imaging. The results show that the new bioluminescence reporter
plasmid represents a useful tool for tularemia research that is suitable for following F.
tularensis growth in both in vitro and in vivo model systems.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Francisella tularensis is a gram negative facultative intra-
cellular bacterium that causes the zoonotic disease tulare-
mia. F. tularensis infection of humans can occur by a
number of routes, including the handling of infected ani-
mals, arthropod bites (Evans, 1985; Francis, 1937; Tarnvik,
1989), ingestion (Anda et al., 2001; Greco et al., 1987;
Karpoff and Antononoff, 1936), and by inhalation (Syrjala
et al., 1985; Teutsch et al., 1979). F. tularensis is highly
infectious and as few as 10 bacteria can cause disease
(Cross, 2000). The high infectivity and ease of dissemina-
tion of F. tularensis by aerosols has raised concerns about
the potential use of F. tularensis as a biological weapon
(Sjostedt, 2007) and provided the rationale for the devel-
opment of new tularemia therapeutics.

A major focus of F. tularensis research is to decipher the
molecular mechanisms that contribute to F. tularensis
pathogenesis. The strategy for identification of virulence
associated genes has largely focused on generating muta-
tions in putative virulence genes and assessing the resul-
tant strains for growth attenuation in a murine tularemia
. All rights reserved.
model. The traditional method for assessing F. tularensis
growth and dissemination in vivo requires challenging
large numbers of animals with the test and control F. tular-
ensis strains. Thereafter, several animals are sacrificed
from each group and dissected at each time point over a
time course. F. tularensis titers are then determined in each
mouse by plating serial dilutions of organ homogenates
onto agar plates. This method requires large numbers of
experimental animals and is laborious. In addition, the
requirement for repeated animal sacrifice, dissection and
tissue handling increases the potential for occupational
exposure of researchers to F. tularensis, a category A select
agent.

Technological advances in small animal imaging have
made it possible to monitor in real-time the growth and
dissemination of fluorescent or bioluminescent-labeled
bacteria in individual animals over the entire course of
infection, offering a powerful alternative to traditional
methodologies. Bioluminescence has proven to be particu-
larly useful for this application. Bioluminescence reporters
have several advantages over fluorescence reporters for in
vivo imaging studies. Luminescence reporters are more
sensitive and have lower background levels, and they do
not share the auto-fluorescence or signal quenching issues
that limit the utility of fluorescent reporters for in vitro
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and in vivo imaging applications. In addition, there are
numerous methods available for the detection of biolumi-
nescence (e.g. CCD camera, plate reader, film exposure,
scintillation counter). Bioluminescence reporters have a
number of applications in bacterial pathogenesis including
the quantification of gene expression, virulence analysis,
and the evaluation of therapeutic agents. Bioluminescence
tagging vectors that express the Photorhabdus luminescens
lux operon have been used to follow in real-time the
growth and dissemination of a number of pathogens in
animal models. However, to date bioluminescence report-
ers have not yet been published for use in F. tularensis.

In this work we describe the construction of a new F.
tularensis reporter plasmid that constitutively expresses
the P. luminescens lux operon. We show that the presence
of this plasmid in type A and type B F. tularensis results
in bioluminescence production which could be used to
follow F. tularensis growth and dissemination in vitro and
in vivo.
2. Materials and methods

2.1. Bacterial strains and growth conditions

F. tularensis strains LVS (live vaccine strain) and Schu S4
were obtained from the Centers for Disease Control and
Prevention (CDC, Atlanta, GA). All work involving Schu S4
was performed in a CDC-approved BSL3 facility at The Uni-
versity of Tennessee Health Sciences Center in accordance
with approved BSL3 protocols. F. tularensis strains were
cultured in modified Mueller Hinton broth (MH broth sup-
plemented with 10 g/L tryptone, 0.1% glucose, 0.025% fer-
rous pyrophosphate, 0.1% L-cysteine, and 2.5% calf serum)
or on BHI-chocolate agar (BHI agar supplemented with
1% hemoglobin and 1% IsoVitalex). Eschericia coli strain
EC100kpir (Epicentre, Madison, WI) was used as a host
for the cloning experiments and was grown in Luria–Ber-
tani (LB) broth or on LB agar at 37 �C. Antibiotics were used
at the following concentrations when necessary: kanamy-
cin (km) at 50 lg/mL for E. coli and 10 lg/mL for F. tularen-
sis; cefprozil was used at 300 lg/mL for F. tularensis;
carbenicillin was used at 100 lg/mL for E. coli.
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Fig. 1. Construction of pXB173-lux. Plasmid pXB168 is derived from pXB167 (B
construction are given in Section 2.3.
2.2. Recombinant DNA methods

Recombinant DNA methods were performed according
to standard protocols. Restriction enzymes were purchased
from New England Biolabs (Beverly, MA). PCR amplifica-
tion was performed using Biolase DNA polymerase (Bio-
line, Taunton, MA) or Pfu DNA polymerase (Stratagene,
Cedar Creek, TX). F. tularensis was transformed by electro-
poration as previously described (Bina et al., 2006) except
that outgrowth following electroporation was limited to
one hour (for Schu S4) or two hours (for LVS) before plating
onto selective media.
2.3. Construction of pXB173-lux

The Francisella–E. coli shuttle vector pXB167 (Bina et al.,
2006) was used as a starting template for construction of
pXB173-lux. The initial step in construction was to replace
the ColE1 origin of replication with a cassette encoding the
R6K origin of replication and the conjugal origin (oriT) from
pBSL238 (Alexeyev and Shokolenko, 1995). This was accom-
plished by digestion of pXB167 with AclI and PacI restriction
endonucleases to remove the ColE1 origin of replication. The
resulting 4090 bp fragment was made blunt-ended by treat-
ment with the Klenow fragment of DNA polymerase before
being ligated to the 784 bp oriR6 k and oriT PCR amplicon
that was obtained from pBSL238 by PCR using the oriF
(50-CGATCTACTATGCCATGTCAGCCGTTAAGTGTTCC-30) and
oriR (50-GGGATATCGGGGATCAATTCCGTGATAGGTGG-30)
primers to produce pXB168 (Fig. 1).

We then replaced the gfp gene in pXB168 with the aph30

gene that encoded kanamycin resistance. This was accom-
plished by digestion of pXB168 with BamHI and ClaI
restriction enzymes to remove the gfp allele. The resulting
4119 bp fragment was rendered blunt-ended by treatment
with Klenow fragment before being ligated to the 901 bp
kanamycin resistance gene (aph30) which was obtained
from TN:EZ by PCR using the (Epicentre, Madison, WI)
using the KanF (50-AAGGCGCGCCACGCGTAGGAGTTTGT
TATGAGCCATATTCAACGGGAA-30) and KanR (5’-GCACGCG
TCAAGTCAGCGTAATGCTCTGCCAG-3’) primers to generate
pXB169. pXB173-lux was then generated by digestion of
pXB173-lux
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pXB169 with KpnI and HinCII restriction enzymes to re-
move the shv-2 allele. The resulting 3987 bp fragment
was then ligated with the 5.9 kb lux operon that was de-
rived from digestion of pXB128-lux (Bina laboratory collec-
tion) with KpnI and XmaI restriction enzymes. The results
of this ligation placed the lux operon downstream and in
the same orientation as the constitutively expressed Fran-
cisella gro promoter (indicated as Pgro in Fig. 1). The DNA
sequence of pXB173-lux was confirmed by DNA sequenc-
ing at the Molecular Resource Center of The University of
Tennessee Health Science Center (Memphis, TN). The
DNA sequence of pXB173-lux has been deposited in Gen-
bank with the accession number HM017829.

2.4. Bioluminescence detection and animal challenge studies

The limit of bioluminescence detection of LVS-pXB173-
lux was determined by making serial LVS-pXB173 culture
dilutions in white 96-well microtiter plates. Biolumines-
cence production was then quantified by use of an IVIS
Spectrum imaging system (Caliper Life Sciences, Hopkin-
ton, MA) according to the manufacturer’s directions.

The utility of pXB173-lux in F. tularensis was assessed in
a murine intranasal challenge model as previously de-
scribed (Lavine et al., 2007). Briefly, 12 week-old female
BALB/c mice were challenged intranasally with
�5 � 105 CFU of F. tularensis LVS-pXB173-lux in a total vol-
ume of 50 ll that was administered as 25 ll per naris. Bio-
luminescence was then used as a reporter to following
bacterial dissemination starting at 3 h post-challenge and
then at 24-h intervals until the conclusion of the experi-
ment. Bioluminescence production in the mice was quanti-
fied by use of the IVIS Spectrum imaging system according
to the manufacturer’s directions.

Bioluminescence production in Type A F. tularensis
strain Schu S4 was assessed by use of the IVIS Spectrum
to image an agar plate that had been inoculated with both
the LVS and Schu S4 strains of F. tularensis bearing the
pXB173-lux vector. Due to BSL3 restrictions we are cur-
rently unable to image mice infected with F. tularensis Schu
S4 on the IVIS imaging system.

2.5. Plasmid stability determination

The stability of pXB173-lux in F. tularensis Schu S4 was
assessed in vitro as follows. A fresh overnight culture of F.
tularensis Schu S4-pXB173 was successively cultured in
MH broth without km for four days. The presence of the
plasmid was then determined by plating serial dilutions
of the culture on days 1 and 4 onto BHI-chocolate agar
plates with and without km. The ratio of km-resistant to
km-sensitive bacteria was then calculated to determine
pXB173-lux stability in the absence of antibiotic selection.
In vivo stability of pXB173-lux was determined by intrana-
sal infection of mice with �103 cfu of F. tularensis Schu S4-
pXB173. The spleen was then collected from one mouse on
days 1, 5 and 6 and homogenized in 1 ml of PBS before
0.25 ml of 5� disruption buffer (2.5% saponin, 15% BSA, in
PBS) was added with light vortexing. Serial dilutions of
the spleen homogenates were then plated onto BHI-choco-
late agar plates with and without km. The ratio of km-resis-
tant to km-sensitive bacteria was then calculated as an
indicator of in vivo plasmid stability.

3. Results and discussion

3.1. Construction of pXB169

We previously described the construction of three shut-
tle vectors (pXB136, pXB160 and pXB167) (Bina et al.,
2006) that were derived from pFNLTP6::gfp (Maier et al.,
2004). In electroporation experiments we observed that
pXB136 could be efficiently transformed into Schu S4 with
selection for cefprozil resistance, however, we were not
able to recover Schu S4 transformants when selecting for
kanamycin resistance (data not shown). Since the kanamy-
cin resistance locus in pXB136 is derived from the pFNLTP
shuttle vectors, this observation is consistent with previ-
ous findings that pFNLTP-based vectors transformed
poorly into Schu S4 (LoVullo et al., 2006) and suggested
that the poor transformation and plasmid instability ob-
served in pXB136 was likely due to inefficient expression
of the kanamycin resistance allele in type A F. tularensis
strains. In silico analysis of pXB136 suggested that the re-
pAB locus in pXB136 (and in the pFNLTP vectors) contained
a divergently transcribed promoter, denoted as Porf5 in
Fig. 1, located 808 bp upstream of the kanamycin resis-
tance gene (i.e. aph30). Downstream of the Porf5 is orf50

which encodes a truncated gene that was hypothesized
to form part of a two component toxin–antitoxin system
that was present in the parent plasmid pFNL10 (Pavlov
et al., 1996). Downstream of orf5’ was the f1 origin of rep-
lication and the aph30 gene which originated from pCR2.1-
TOPO (Maier et al., 2004). As Porf5 was derived from
pFNL10, we hypothesized that it likely encoded an active
F. tularensis promoter and contributed to aph30 expression
in pXB136 and that the intervening 808 bp sequence inhib-
ited aph30 expression in Schu S4. To test this hypothesis we
deleted the 808 bp intervening region. The resulting plas-
mid retained kanamycin resistance in E. coli and LVS and
gained the ability to be retained by Schu S4. The resulting
plasmid transformed into Schu S4 at an efficiency that was
equivalent to what was observed with LVS (�105 cfu/lg
DNA). Collectively these results suggested that the repAB
promoter region contained a divergently transcribed pro-
moter that was constitutively expressed in both E. coli
and F. tularensis. It is unclear why pXB136 and the pFNLTP
plasmids display different stabilities in LVS and Schu S4
with selection for kanamycin resistance.

3.2. Construction of pXB173-lux

Having established that the Schu S4 stability problems
associated with our previous vectors was likely due to
expression of the kanamycin resistance allele and not some
inherent problem with the plasmid construct, we set out to
design a new shuttle vector that could be used as a biolu-
minescence reporter in F. tularensis. To construct the biolu-
minescence reporter plasmid we first replaced the high
copy number origin of replication that was present in
pXB167 with a low copy number origin of replication and
a conjugal origin of transfer. This was accomplished by
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replacement of the pXB167 ColE1 origin of replication with
a cassette that encoded the R6K origin of replication and
the RP4 origin of transfer to generate pXB168. This effec-
tively reduced the plasmid copy number in E. coli and
introduced an origin of transfer to facilitate conjugal trans-
fer of the plasmid into F. tularensis. Conjugation represents
a very efficient and easy method for introduction of plas-
mids into F. tularensis. The shv-2 marker was then replaced
with the aph30 allele as kanamycin resistance is the most
reliable and widespread genetic marker used in type A F.
tularensis strains (e.g. Schu S4). We used the orf5 promoter
to drive expression of aph30 so that we could use the Pgro

promoter to drive expression of the lux reporter construct
(see below). The resulting plasmid, pXB169, was trans-
formed into Schu S4 with high efficiency (�105 transfor-
mants per lg/DNA).

The bioluminescence reporter plasmid pXB173-lux
(Fig. 1) was then generated from pXB169 by cloning the
P. luminescens lux operon downstream of the F. tularensis
gro promoter. The P. luminescens lux operon contains the
genes that are required for production of both luciferase
(luxAB) and luciferin (luxCDE) and expression of the lux op-
eron results in concomitant light production. Since the F.
tularensis gro promoter is constitutively expressed in
E. coli and F. tularensis, the presence of pXB173-lux in
E. coli, LVS and Schu S4 results in constitutive biolumines-
cence production as observed in Fig. 2. The in vitro detec-
tion limit for LVS-pXB173-lux in white 96-well microtiter
plates was �2000 cfu per well which suggests that
Fig. 2. Bioluminescence production by F. tularensis. Overnight cultures of F. tulare
lower half of plate) were inoculated onto the surface of a modified Mueller–Hint
when the plate was imaged for bioluminescence production using an IVIS sp
pseudocolor image that is superimposed onto the surface of the inoculated agar
the reader is referred to the web version of this article.)
pXB173-lux likely can be used to follow F. tularensis
growth in cell culture studies.

3.3. Use of pXB173-lux to follow F. tularensis dissemination in
mice

We documented the utility of pXB173-lux by testing
whether it could be used as a reporter to follow F. tulanen-
sis growth in a murine model of tularemia in real-time. We
therefore challenged two BALB/c mice with �105 cfu of
LVS-pXB173-lux by the intranasal route (Fig. 3). In the first
mouse, the majority of the LVS inoculum was detected in
the stomach at 3 h post-challenge, suggesting that at least
a portion of the intranasal challenge dose failed to reach
the lungs and was swallowed. Twenty-four-hours later,
the bioluminescence production in the stomach of mouse
one had resolved and LVS was clearly visualized in the
lungs of both animals and in the upper respiratory tract
of mouse two. The upper airway infection intensified over
the six day course of the experiment in mouse two. It is un-
clear whether this upper respiratory tract infection occurs
in natural inhalation infections or is an artifact of the intra-
nasal inoculation method that is widely used by the tulare-
mia research community. The images also showed that LVS
disseminated to the cervical lymph nodes of mouse one
(day 3) and mouse two (day 2) and that colonization of
the lymph nodes intensified throughout the study period.
Beginning on day 3 post-challenge LVS was observed in
the liver of both mice, and by day 4 post-challenge, the
nsis containing pXB173-lux (LVS on the upper half of plate; Schu S4 on the
on agar plate using a Dacron-tipped swab and incubated at 37 �C for 18 h
ectrum imaging system. Photon emission intensity is represented as a
plate. (For interpretation of the references to colour in this figure legend,
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Fig. 3. Visualization of F. tularensis LVS-pXB173-lux in mice by bioluminescence imaging. Two twelve week-old BALB/c mice were challenged with
5 � 105 CFU F. tularensis LVS-pXB173-lux in a total volume of 50 ll of PBS via the intranasal route. Bioluminescence production in the mice was then
visualized using an IVIS Spectrum Imaging system at 24-h intervals beginning 3 h after administration of the challenge dose. Exposure times varied based
on bioluminescent signal intensities in an effort to collect between 600 and 60,000 counts, and image scaling was normalized by converting total counts to
photons/s. Results shown here are representative of several experiments of similar design. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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livers of both mice were heavily colonized. On day 6, both
mice exhibited extensive bacterial dissemination which
correlated with other signs of severe tularemic disease
(i.e. significant weight loss, ruffled fur and reduced physi-
cal activity) and the experiment was terminated. These re-
sults validate that pXB173-lux can be used as a reporter to
follow F. tularensis dissemination in mice.

The stability of pXB173-lux in F. tularensis Schu S4 was
assessed to validate the use of this plasmid in a Type A
strain background. The plasmid was well maintained
in vitro with 85% of the bacteria retaining the plasmid
following growth for four successive subcultures in the
absence of antibiotic selection. In vivo stability was simi-
lar to the in vitro results with 82% and 75% and of the
bacteria retaining the plasmid on days 5 and 6 post-chal-
lenge, respectively. This demonstrates that pXB173-lux is
stable in F. tularensis Schu S4, while the data presented in
Fig. 2 demonstrate that the lux reporter works in F. tular-
ensis Schu S4. Collectively these results strongly suggest
that pXB173-lux will be useful for in vivo studies with
Type A F. tularensis strains as we have documented with
F. tularensis LVS.

The results presented above show that bioluminescence
is a highly sensitive reporter that can be used to follow F.
tularensis growth in mice in real-time. Bioluminescence
represents a new tool for the tularemia research commu-
nity that has not been previously available. In particular,
the use of pXB173-lux can greatly facilitate animal and cell
culture studies with virulent type A F. tularensis strains. As
most analyses previously depended on terminal end point
assays, the use of bioluminescence should greatly reduce
both the labor cost and number of animals that are re-
quired for these assays while limiting the potential for
occupational exposure of researchers to a potentially fatal
pathogen.
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Cross-Reactive Neutralizing Antibodies Directed against Pandemic
H1N1 2009 Virus Are Protective in a Highly Sensitive DBA/2

Mouse Influenza Model�
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Our ability to rapidly respond to an emerging influenza pandemic is hampered somewhat by the lack of a
susceptible small-animal model. To develop a more sensitive model, we pathotyped 18 low-pathogenic non-
mouse-adapted influenza A viruses of human and avian origin in DBA/2 and C57BL/6 mice. The majority of
the isolates (13/18) induced severe morbidity and mortality in DBA/2 mice upon intranasal challenge with 1
million infectious doses. Also, at a 100-fold-lower dose, more than 50% of the viruses induced severe weight
loss, and mice succumbed to the infection. In contrast, only two virus strains were pathogenic for C57BL/6 mice
upon high-dose inoculation. Therefore, DBA/2 mice are a suitable model to validate influenza A virus vaccines
and antiviral therapies without the need for extensive viral adaptation. Correspondingly, we used the DBA/2
model to assess the level of protection afforded by preexisting pandemic H1N1 2009 virus (H1N1pdm)
cross-reactive human antibodies detected by a hemagglutination inhibition assay. Passive transfer of these
antibodies prior to infection protected mice from H1N1pdm-induced pathogenicity, demonstrating the effec-
tiveness of these cross-reactive neutralizing antibodies in vivo.

Respiratory tract infections are the third leading cause of
mortality in the world (27). Influenza, a disease of the airways
caused by influenza viruses, is responsible for approximately
half a million deaths and 3 to 5 million hospitalizations per
year (28). In addition to the annual disease burden, influenza
A virus is more notoriously known for its ability to cause
pandemics. Three pandemics have been reported in the twen-
tieth century: the first that occurred in 1918 (Spanish influ-
enza) killed 20 to 50 million individuals (15); the other two in
1957 and 1968, although less lethal, killed millions due to the
lack of preexisting immunity. In April 2009, two cases of febrile
illness were confirmed to be caused by swine-origin influenza A
virus (H1N1) (4, 8). Continuous spread within North America
and other parts of the world has signaled the first influenza
pandemic of this century.

To study the pathogenicity of influenza A viruses, including
the current pandemic A (H1N1) 2009 virus (H1N1pdm), in
mammalian hosts and to determine the effectiveness of phar-
maceutical interventions, it is essential to have a sensitive an-
imal model. Although influenza has some important differ-
ences in mice and humans, a murine model is the only animal
model thus far described that allows for relatively high group
numbers and any relatively high throughput. Unfortunately,
only a few strains of influenza A virus—almost exclusively
belonging to the highly pathogenic avian influenza virus iso-
lates of the H5 and H7 subtypes—are pathogenic in most
commonly used mouse strains without adaptation through se-

rial passaging. The hemagglutinin (HA) proteins of these H5
and H7 viruses contain a basic amino acid cleavage site, allow-
ing them to spread systemically (12, 19, 26). Most other sub-
types of influenza virus, including H1N1 and H3N2, either do
not infect or cause very mild disease in mice. The requirement
for adaptation of a pandemic virus to commonly used mouse
strains can lead to a delay in the gathering of important data to
help guide public health control strategies. As such, the lack of
a sensitive small-animal model to study the infection dynamics
of various subtypes of avian influenza viruses severely hampers
the rapid and effective response required during a pandemic or
prepandemic situation.

This study was designed to demonstrate the utility of DBA/2
mice, previously reported to be susceptible to highly patho-
genic influenza viruses (1), to study infections caused by sev-
eral influenza A virus subtypes isolated from birds or humans
without the need for prior adaptation. To assess the utility of
the model to respond to emerging strains, we used DBA/2 mice
to examine the functional activity of sera from individuals
previously shown to have preexisting cross-reactive H1N1pdm
antibodies. It is hypothesized that these individuals may be
partially protected from infection because of the presence of
cross-reactive neutralizing antibodies produced after infection
with a different but related H1N1 virus. This hypothesis is
supported by in vitro microneutralization and hemagglutina-
tion inhibition (HI) assays (2, 10); however, it is not yet known
whether these antibodies are also functional in vivo.

MATERIALS AND METHODS

Mice and viruses. Six- to 10-week-old female C57BL/6 and DBA/2 mice were
purchased from Jackson Laboratories (Bar Harbor, ME) and housed in the
Animal Resource Center at St. Jude Children’s Research Hospital (St. Jude).
The mice received food and water ad libitum, and all experiments were con-
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ducted in accordance with rules of the Institutional Animal Control and Use
Committee of St. Jude.

Twenty-three influenza A viruses (Table 1) from nine different hemagglutinin
subtypes (H1 to H7, H9, and H10) were propagated in the chorioallantoic cavity
of 10-day-old embryonated chicken eggs. The allantoic fluid containing infectious
particles was harvested 48 h after inoculation, and the infectious titers (50% egg
infectious doses [EID50]) of the viruses were determined. All virus stocks had
minimum titers of 108.5 EID50/ml.

Inoculation of mice with influenza A virus. C57BL/6 and DBA/2 mice were
inoculated with influenza A viruses intranasally in 30 �l of sterile phosphate-
buffered saline (PBS) after sedation with avertin (2,2,2-tribromoethanol; Sigma-
Aldrich, MO). The 50% mouse lethal dose (MLD50) was determined after mice
were infected with 10-fold serial dilutions of the viruses from 106 EID50 to 101

EID50. Morbidity and mortality were monitored for 21 days, and the MLD50

values were calculated by the Reed-Munch method (20). Groups of five mice per
inoculum size per isolate were tested with the exception of seasonal H1N1 (at 106

EID50, n � 6; at 104 EID50, n � 8), H1N1pdm (104 EID50, n � 9), H2N3 (106

EID50, n � 3; 104 EID50, n � 4), H2N4 (104 EID50, n � 4), H4N6 (106 EID50,
n � 3), H5N9 (106 EID50, n � 6; 104 EID50, n � 4), H5N7 (106 EID50, n � 10),
H7N3 (106 EID50, n � 9; 104 EID50, n � 4), H7N9 (104 EID50, n � 4),
H9N2/Y280 (106 EID50, n � 10), H9N5 (106 and 104 EID50, n � 4), H10N5 (106

EID50, n � 6; 104 EID50, n � 8), and H10N7 (104 EID50, n � 4) for DBA/2 mice
and H5N7 (106 EID50, n � 8), H6N5 (106 EID50, n � 6), H7N3 (106 EID50, n �
10), H7N9 (106 EID50, n � 4), and H9N2 (106 EID50, n � 4) for C57BL/6.

Lung viral titers. Lungs were collected on days 2 and 7 postinoculation with
104 EID50 of influenza A virus and stored at �80°C. They were homogenized in
1.0 ml of minimal essential medium, and homogenates were spun for 5 min at
1,000 � g to remove cellular debris. The supernatant was used to quantify the
amount of infectious virus present in the lungs. Depending on the virus isolate,
virus titers were determined in eggs or Madin-Darby canine kidney (MDCK)
cells as described previously (1).

Hemagglutination inhibition and virus neutralization assays. Influenza A
virus-neutralizing activity in serum was quantified by hemagglutination inhibition
and virus microneutralization (VN) assay. Sera were first treated with receptor-
destroying enzyme (RDE) (RDE II Seiken; Denka Seiken UK Ltd., United
Kingdom) for 18 h at 37°C, followed by a 30-min inactivation at 56°C. HI assays

were done with 4 hemagglutination units of the virus and 0.5% turkey red blood
cells (H1N1pdm) or 0.5% chicken red blood cells (avian virus isolates), as
described previously (10). For a VN assay the serum was diluted 2-fold starting
at a 1:10 dilution in PBS and incubated for 1 h at 37°C with 100 50% tissue
culture infective doses (TCID50) of A/California/4/09 virus. Next, 100 �l of the
mixture of virus and serum was added to MDCK cells for 1 h at 37°C. Following
the aspiration of the supernatant, cells were washed with PBS, and 200 �l of fresh
minimal essential medium supplemented with 0.1% bovine serum albumin
(A8412; Sigma-Aldrich), antibiotics (Invitrogen, NY), vitamins (Invitrogen), and
1 �g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worth-
ington, NJ) was added. After 3 to 4 days at 37°C, the assay was developed by HA
assay using turkey red blood cells. The average HI and VN titers were calculated
following log2 transformation of the highest serum dilution able to inhibit hem-
agglutination or virus replication, respectively.

Passive antibody transfer. Human sera were collected as part of a clinical trial
conducted during the influenza seasons of 2007 to 2008 and 2008 to 2009 in the
Greater Vancouver Area of British Columbia, Canada, or in the vicinity of the
Greater Hartford Area of Connecticut. All participants received the standard
dose of the licensed trivalent split-virus influenza vaccine containing A/Solomon
Islands/3/2006-like (H1N1), A/Wisconsin/67/2005-like (H3N2), and B/Malaysia/
2506/2004-like viruses in 2007 to 2008 or A/Brisbane/59/2007 (H1N1)-like, A/
Brisbane/10/2007 (H3N2)-like, and B/Florida/4/2006-like viruses in 2008 to 2009.
Sera were collected before vaccination and 4 weeks after vaccination. Postvac-
cination sera from individuals aged 65 years and older with detectable HI and
VN titers toward H1N1pdm (A/California/4/2009) were pooled and heat inacti-
vated for 30 min at 56°C. To study the effect of neutralizing antibodies, we used
age-matched pooled human sera without detectable HI and VN titers to
H1N1pdm (A/California/4/2009), seasonal H1N1 (A/Brisbane/59/2007), and
H7N3 (A/shorebird/Delaware/22/2006) viruses. Ferret polyclonal sera obtained
from ferrets 14 days after inoculation with the H1N1pdm virus (HI titer of 2,560;
VN titer of 320) or PBS was used as a positive or negative control, respectively.
A total of 400 �l of pooled human sera, diluted 1:1 in PBS, was injected
intraperitoneally into 10 mice 24 h prior to inoculation with a lethal dose of virus.
The positive and negative controls were also injected into 10 mice each for the
H1N1pdm experiment, while five PBS control mice were included in the H7N3
and seasonal H1N1 follow-up experiment.

Cytokine analysis. Lungs were collected on days 2 and 7 postinoculation with
104 EID50 of influenza A virus, and concentrations of CCL2, CCL5, interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-�), and interferon-gamma (IFN-�)
were determined as described previously (1). Enzyme-linked immunosorbent
assays (ELISAs) were performed according to the manufacturer’s instructions
(Quantikine kits; R&D Systems, Minneapolis, MN). At least four animals in-
fected with a particular strain of influenza A virus were tested for one cytokine
at a given time point.

Statistical analysis. Statistical analyses of differences in mortality were deter-
mined by using the log rank test. The Student’s t test was used to analyze
differences in lung virus titers between the different strains of mice following ln
transformation of the data as well as to determine statistical significance in
cytokine and chemokine production and weight loss after influenza A virus
infection.

RESULTS

Increased susceptibility of DBA/2 mice to influenza A virus
isolates. To assess the utility of DBA/2 mice as a more univer-
sal small-animal model for influenza, we tested a range of
different viral subtypes for their ability to induce morbidity and
mortality in this host. A set of 23 viruses belonging to nine
different hemagglutinin subtypes was selected and used to in-
oculate DBA/2 mice. At a dose of 106 EID50, 18 (78%) of the
viruses were pathogenic, and mice succumbed to infection at 5
to 12 days postinoculation, depending on the virus isolate (Ta-
ble 1). Inoculation with a lower dose of virus (104 EID50)
caused severe weight loss and death of DBA/2 mice in 14 of 22
(64%) virus isolates tested (Table 1). These isolates included a
seasonal human H1N1 virus from 2008 and both H10 viruses.
The ability to induce severe disease, as measured by weight loss
and mortality, in DBA/2 mice was not limited to certain sub-
types of influenza virus; however, virus isolates of the H2 and

TABLE 1. Percent mortality in DBA/2 and C57BL/6 mice
inoculated with various isolates of influenza A virus

Influenza A
virus isolate Subtype

% Mortality by mouse strain
and dose

DBA/2 mice C57BL/6
mice at

106 EID50106 EID50 104 EID50

A/Puerto Rico/8/1934 H1N1 100 100 100
A/Memphis/3/2008a H1N1 100 88 0
A/California/4/2009b H1N1 100 100 60
A/mallard/Alberta/79/2003 H2N3 33 0 NDd

A/mallard/Alberta/33/2004 H2N4 0 0 0
X31 (A/Hong Kong/1/1968)c H3N2 100 100 0
A/pintail duck/Alberta/66/2005 H4N1 20 0 0
A/mallard/Alberta/147/2007 H4N6 0 ND ND
A/Hong Kong/213/2003a H5N1 100 100 76
A/Vietnam/1203/2004a H5N1 100 100 100
A/shorebird/Delaware/101/2004 H5N7 20 0 0
A/ruddy turnstone/Delaware/

103/2007
H5N9 100 25 ND

A/teal/Hong Kong/W312/1997 H6N1 100 100 40
A/mallard/Alberta/154/2003 H6N5 100 40 0
A/shorebird/Delaware/22/2006 H7N3 100 100 0
A/Netherlands/33/2003a H7N7 100 100 100
A/mallard/Alberta/177/2004 H7N9 0 0 0
A/quail/Hong Kong/G1/1997 H9N2 100 0 0
A/duck/Hong Kong/Y280/1997 H9N2 100 20 0
A/mallard/Alberta/162/2007 H9N5 0 0 ND
A/mallard/Alberta/221/2006 H9N6 0 0 ND
A/blue-winged teal/Alberta/

271/2007
H10N5 100 75 0

A/mallard/Alberta/56/2004 H10N7 100 75 0

a Human influenza A virus isolate.
b Human 2009 pandemic H1N1 virus isolate.
c X31 is a 6:2 reassortant virus containing six gene segments from A/Puerto

Rico/8/1934 virus and the HA and NA gene segments from A/Hong Kong/1/68/.
d ND, not done.
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H4 subtypes were only mildly pathogenic. Few isolates were
pathogenic at 102 EID50, and these included the two mouse-
adapted influenza A viruses (A/Puerto Rico/8/1934, 100%
mortality; X31, 60% mortality), two highly pathogenic H5N1
influenza A viruses (A/Hong Kong/213/2003, 84% mortality;
A/Vietnam/1203/2004, 100% mortality), a low-pathogenic
H7N3 (A/shorebird/Delaware/22/2006, 45% mortality) vi-
rus, and the H1N1pdm (100% mortality). Eighteen isolates
were also tested in C57BL/6 mice at a dose of 106 EID50.
Only the mouse-adapted virus A/Puerto Rico/8/1934 virus,
three highly pathogenic viruses, an H6N1 virus (A/teal/
Hong Kong/W312/1997), and the H1N1pdm virus caused
severe disease and mortality (Table 1).

Nonadapted avian influenza A viruses can replicate to high
titers in C57BL/6 and DBA/2 mice. We hypothesize that the
large difference in the degrees of pathogenicity of avian influ-
enza A viruses between DBA/2 and C57BL/6 mice may be due
to increased replication efficiency. To test this, we measured
day 2 and day 7 postinoculation pulmonary viral loads in mice
infected with 104 EID50 of H7N3 or H10N5 virus (Fig. 1).
These avian virus isolates were selected for their exception-
ally large difference in pathology scores between DBA/2 and
C57BL/6 mice. High-dose inoculation (106 EID50) with H7N3
or H10N5 virus induced 7% and 4% maximum weight loss in
C57BL/6 mice, while DBA/2 mice succumbed to infection with
102 or 104 EID50, respectively. On day 2 postinoculation, lung
viral titers of DBA/2 and C57BL/6 mice were similar for both
H7N3 (106.25 versus 106.75 EID50/ml, respectively) and H10N5
virus (105.3 versus 106.0 EID50/ml, respectively) (Fig. 1). Inter-
estingly, titers in H7N3-infected lungs were approximately 1
log10 higher than those in H10N5-infected lungs. At day 7
postinoculation, H7N3-infected lungs of DBA/2 mice had
higher virus loads than those of C57BL/6 mice (P � 0.05) (Fig.
1). Lungs of H10N5-infected DBA/2 mice also contained more
virus than those of C57BL/6 mice; however, this difference was
not significant (P � 0.07).

To assess the ability of other non- or low-pathogenic avian
influenza A virus isolates to infect mice, we measured the
serological response against the challenge virus in convales-
cent-phase serum as a surrogate marker for viral replication. In

C57BL/6 mice, an HI titer was detected postinoculation with
five of the eight virus isolates studied, suggesting that the
majority of the isolates replicate in the respiratory tract of mice
(Table 2). Inoculation of three viruses, an H4N1, H6N5, and
an H5N7 virus, did not cause seroconversion in C57BL/6 mice.
Because DBA/2 mice are generally more susceptible to influ-
enza virus infection and because fewer isolates were non- or
low-pathogenic isolates, we tested convalescent-phase serum
following inoculation with only five virus isolates. Of the five
convalescent-phase sera tested, three contained a detectable
HI titer whereas two (an H4N6 and an H9N6 virus) did not
(Table 2). These data suggest that most influenza virus isolates
are capable of replicating in the respiratory tract of mice, but
the outcome after infection depends entirely on the mouse
strain, virus strain, or a combination of both.

Pandemic H1N1 2009 virus A/California/4/2009 is highly
pathogenic in DBA/2 mice. Based on the results presented
above, we next looked at the replication of the H1N1pdm
viruses in DBA/2 and C57BL/6 mice. Inoculation of mice
with 106 to 102 EID50 of A/California/4/09, a representative
H1N1pdm virus, resulted in 100% mortality after 8 to 12 days,
and inoculation with 101 EID50 caused significant weight loss
in 100% and mortality in 50% of DBA/2 mice (Table 1). In
contrast, C57BL/6 mice lost a significant amount of weight
(14%; P � 0.05) by day 7 when inoculated with 106 EID50, and
60% of the mice died. Inoculation with 105 to 104 EID50 did
not cause death of C57BL/6 mice. Therefore, the MLD50 for
A/California/4/2009 was 105-fold lower in DBA/2 than in
C57BL/6 mice, a finding consistent with results with other virus
strains.

Increased pathogenicity is often associated with higher viral
loads and increased levels of proinflammatory cytokines such
as CCL2, IL-6, and TNF-�. At day 2 postinoculation with 104

EID50 of H1N1pdm, lung viral titers of DBA/2 mice and
C57BL/6 mice were similar (Fig. 1). There were also no sig-
nificant differences in the levels of CCL2, CCL5, and IL-6
between the strains (Table 3), but levels of TNF-� were sig-
nificantly higher in DBA/2 than C57BL/6 mice (P � 0.01). At
day 7 postinfection, lung homogenates of DBA/2 mice had
higher viral loads than C57BL/6 mice (P � 0.01) (Fig. 1) as well
as significantly higher concentrations of CCL2 and IL-6 (P �
0.01) (Table 3).

TABLE 2. Serum antibody responses in mice infected with 106

EID50 of non- or low-pathogenic influenza A viruses

Influenza A virus isolate Subtype

HI titera

DBA/2
mice

C57BL/6
mice

A/Memphis/3/2008 H1N1 ND2 40
A/mallard/Alberta/33/2004 H2N4 40 20
A/pintail duck/Alberta/66/2005 H4N1 ND �10
A/mallard/Alberta/147/2007 H4N6 �10 ND
A/shorebird/Delaware/101/2004 H5N7 40 �10
A/mallard/Alberta/154/2003 H6N5 ND �10
A/mallard/Alberta/177/2004 H7N9 40 80
A/mallard/Alberta/221/2006 H9N6 �10 ND
A/blue-winged teal/Alberta/271/2007 H10N5 ND 160
A/mallard/Alberta/56/2004 H10N7 ND 40

a Average geometric mean titer as measured by the HI assay. An HI titer
of �10 is undetectable. ND, not done.

FIG. 1. Virus titer in lungs of C57BL/6 (F) and DBA/2 (ƒ) mice at
2 and 7 days postinoculation with 104 EID50 of A/shorebird/Delaware/
22/2006 (H7N3), A/blue winged-teal/Alberta/271/2007 (H10N5), and
A/California/4/2009 (H1N1pdm). *, P � 0.01. Infectious titer values on
the y axis represent EID50/ml for H7N3 and H10N5 viruses and
TCID50/ml for H1N1pdm.
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Passive transfer of cross-reactive human neutralizing anti-
bodies protects against H1N1pdm-induced pathogenicity. To
assess the functionality of human cross-reactive polyclonal
antibodies, passive antibody transfer experiments were per-
formed using the highly susceptible DBA/2 mice. Human
sera were obtained from individuals not previously exposed to
the H1N1pdm virus but who had cross-reactive neutralizing
antibodies to it, with an HI titer of 160 and VN titer of 95.
Twenty-four hours after passive transfer, mice were inocu-
lated with 102 EID50 (3 to 5 50% lethal doses [LD50]) of
A/California/4/2009 virus, and morbidity and mortality were
assessed. As expected, all control mice treated with PBS died
within 10 days of inoculation (Fig. 2a). Mice treated with ferret
serum containing high levels of H1N1pdm-specific neutralizing
antibodies did not succumb to infection (P � 0.001) and lost
significantly less weight on days 7, 10, 13, and 15 than mice in
all other groups (P � 0.01) (Fig. 2b). DBA/2 mice injected with
pooled human serum containing cross-reactive antibodies had
a higher survival rate (75%) than mice in the PBS control
group (0%; P � 0.01) and mice receiving human serum without
detectable cross-neutralizing antibodies (15%; P � 0.05). In-
creased survival of the mice injected with cross-neutralizing
antibodies was accompanied by a decrease in percent weight
loss on days 10 (11%) and 13 (20%) postinfection (P � 0.01)
(Fig. 2b). These data indicate that H1N1pdm-specific neutral-
izing antibodies induced after infection with a related H1N1
virus can protect DBA/2 mice from a lethal challenge and are
likely responsible for the age-related attack rates seen in hu-
mans. The protective effect of human serum without any neu-
tralizing antibodies was validated using two additional chal-
lenge models, a seasonal H1N1 (A/Memphis/33/2008) and an
avian H7N3 (A/shorebird/Delaware/22/2006) virus isolate. The
survival rates increased significantly for the seasonal H1N1
virus (90%; P � 0.01) but not for H7N3 (17%; P � 0.05),
suggesting that in vitro HI or VN assays underestimate the
levels of preexisting neutralizing immunity to influenza A virus
strain in humans.

DISCUSSION

The present study establishes that DBA/2 mice are very
susceptible to most influenza A virus isolates and that infection
often results in debilitating pneumonia and subsequent death.
This sensitivity of DBA/2 mice was used to demonstrate that
H1N1pdm is more pathogenic than the circulating seasonal

H1N1 viruses and that preexisting human cross-reactive neu-
tralizing antibodies can prevent H1N1pdm-induced mortality
and morbidity.

Small-animal models, like mouse models, have frequently
been used for influenza virus research, including areas such as
pathogenesis, vaccine efficacy, and antiviral therapies. The pre-
ferred strains, C57BL/6 and BALB/c, display few clinical symp-
toms upon high-dose inoculation with most influenza A virus
isolates, and only highly pathogenic or mouse-adapted viruses
cause severe morbidity and mortality at low doses. As such, it
was generally believed that mice are resistant to most human
and avian influenza A viruses. The current study, as well as a
recent report by Driskell et al (6), provides substantial evi-
dence to suggest that BALB/c and C57BL/6 mice are suscep-
tible to infection with many different influenza A virus isolates
(H1 to H7 and H9 to H11) even if the infection does not cause
significant disease. In contrast, DBA/2 mice become sick and
often succumb to infection with the majority of the tested
isolates. This enhanced susceptibility of DBA/2 mice was pre-
viously reported for highly pathogenic and mouse-adapted in-
fluenza viruses (1, 23) and now includes many nonadapted
avian influenza isolates.

The mechanism for the difference in susceptibilities between

FIG. 2. Human cross-reactive 2009 pandemic H1N1-neutralizing
antibodies are functional in vivo. Human serum pools with (H1 pos) or
without (H1 neg) a detectable cross-reactive 2009 pandemic H1N1
(A/California/4/2009)-neutralizing antibody titer were injected intra-
peritoneally 24 h prior to intranasal lethal challenge. Control mice
were injected with PBS or convalescent-phase serum obtained from
2009 pandemic H1N1 virus-infected ferrets. Survival was monitored
for 21 days, and weight loss was monitored for 16 days. Data shown in
panel A are the cumulative results of two experiments, and those in
panel B represent the average weight loss of one indicative experiment.
(A) ***, P � 0.001 compared to results for other groups; **, P � 0.01
compared to results for PBS control group and P � 0.05 compared to
results for H1-negative group; *, P � 0.01 compared to results for PBS
control group. (B) *, P � 0.01 compared to results for other groups..

TABLE 3. Concentrations of proinflammatory cytokines in lungs of
C57BL/6 and DBA/2 mice infected with 104 EID50 of pandemic

H1N1 2009 virus

Cytokine

Cytokine concn (pg/ml) by mouse strain at:a

Day 2 Day 7

DBA/2 C57BL/6 DBA/2 C57BL/6

CCL2 4,013 3,387 10,145* 4,520
CCL5 4,212 2,924 5,703 7,060
IL-6 710 950 1,057* 735
TNF-� 236* 102 96 109
IFN-� 46 42 1,097 900

a The asterisk indicates a significant difference (P � 0.05) in cytokine concen-
trations between C57BL/6 and DBA/2 mice on day 2 or 7 after infection.
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C57BL/6 and DBA/2 mice is not yet fully understood but
involves multiple genetic differences between the two mouse
lineages, affecting several pathways and processes (1). Certain
influenza viruses grow to higher titers in DBA/2 mice (A/Hong
Kong/213/2003 [H5N1] or A/Memphis/33/2008 [H1N1]) (data
not shown) while others do not (H7N3 and H10N5) (this
study). Irrespective of the difference in viral loads, DBA/2 mice
respond more vigorously, producing larger quantities of cer-
tain proinflammatory molecules like TNF-�, which was shown
to correlate with increased morbidity and mortality in humans
(5). Previous work has shown that the lack of a functional
hemolytic complement (Hc) in DBA/2 mice may result in a less
effective adaptive immune response, increasing the viral load
during later stages of the infection (1, 11). In the same study,
histopathologic evaluation of DBA/2 and C57BL/6 mice after
H5N1 virus infection was able to clearly show more extensive
involvement of the entire lung as well as necrotic epithelium on
day 4 in the DBA/2 mice. At day 7 there was a dramatic
difference in the numbers of cells that stained positive for
influenza virus between the two strains. In the C57BL/6 mice,
an inflammatory response was observed in the parenchyma,
with multifocal macrophages within the infiltrate that stained
positive for influenza virus. In contrast, the DBA/2 mice main-
tained widespread intensely positive staining of the airway
epithelium, alveolar macrophages, and type I and type II cells
in the alveolar wall. Overall, the combined effect of poor clear-
ance, excessive inflammation, and elevated virus titers likely
creates a highly pathogenic environment in DBA/2 mice.

The exceptional susceptibility of DBA/2 mice for influenza
virus infections was used to demonstrate the effectiveness of
H1N1pdm cross-neutralizing human antibodies in reducing
H1N1pdm-driven mortality. Approximately 50% of the U.S.
population over 75 years of age has low levels of preexposure
cross-reactive antibodies to H1N1pdm (13). The age of these
individuals suggests that these antibodies were generated be-
tween 1918 and 1930 when an antigenically similar H1N1 virus
was possibly circulating among humans. We show in this study
that these cross-reactive antibodies are also fully functional in
vivo and may offer some degree of protection to an otherwise
at-risk elderly population against the current H1N1pdm. The
identity of the neutralizing epitopes has yet to be identified but
could be located within the antigenic site Sa (29). Interestingly,
there was a small but significant level of protection when mice
were injected with human serum without detectable levels of
virus-neutralizing antibodies. The protection was specific for
H1N1 viruses since the transfer of HI negative serum did not
affect the survival after challenge with an H7N3 virus. The pro-
tection is possibly mediated by antibodies specific for the M2
protein (18, 24, 25) or to nonneutralizing epitopes on the HA
or neuraminidase (NA) (3, 14, 16, 21, 22). These data also
suggest that the current in vitro assays (HI and VN) are un-
derestimating the level of preexisting protective immunity in
the human population. Addition of serum factors, like C1q, has
been shown to increase the sensitivity of these assays (7, 17).
The limited capacity of HI or VN assays to detect neutralizing
antibodies was previously noted in preclinical H5N1 ferret
vaccine studies. A single dose of inactivated H5N1 vaccine did
not induce a detectable HI or VN titer; however, the animals
were protected from a lethal challenge with highly pathogenic
H5N1 virus (9).

Although the DBA/2 mouse model will provide a useful
analytical tool to study viruses and antiviral therapies, the
model may not necessarily reflect the natural response to in-
fluenza viruses in humans. With the exception of highly patho-
genic H5N1 viruses, one should be careful in interpreting
pathogenesis data upon infection with these avian isolates as
described in the current study.

To summarize, we have confirmed that the DBA/2 mouse
model is a suitable and highly susceptible animal model to
study infection of influenza A viruses of various subtypes, in-
cluding those previously known to infect humans. Also, this
model will allow us to define the requirements of viruses of
avian origin to infect mammalian hosts and rapidly evaluate
vaccines or antiviral therapies in the event of a pandemic
emergency.
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Coronaviruses encode multifunctional proteins that are critical for viral replication and for blocking the innate
immune response to viral infection. One such multifunctional domain is the coronavirus papain-like protease
(PLP), which processes the viral replicase polyprotein, has deubiquitinating (DUB) activity, and antagonizes the
induction of type I interferon (IFN). Here we characterized the DUB and IFN antagonism activities of the PLP
domains of human coronavirus NL63 and severe acute respiratory syndrome (SARS) coronavirus to determine if
DUB activity mediates interferon antagonism. We found that NL63 PLP2 deconjugated ubiquitin (Ub) and the
Ub-line molecule ISG15 from cellular substrates and processed both lysine-48- and lysine-63- linked polyubiquitin
chains. This PLP2 DUB activity was dependent on an intact catalytic cysteine residue. We demonstrated that in
contrast to PLP2 DUB activity, PLP2-mediated interferon antagonism did not require enzymatic activity. Further-
more, addition of an inhibitor that blocks coronavirus protease/DUB activity did not abrogate interferon antago-
nism. These results indicated that a component of coronavirus PLP-mediated interferon antagonism was indepen-
dent of protease and DUB activity. Overall, these results demonstrate the multifunctional nature of the coronavirus
PLP domain as a viral protease, DUB, and IFN antagonist and suggest that these independent activities may
provide multiple targets for antiviral therapies.

The front-line defense of a host cell against virus infection is
the innate immune system, which utilizes multiple membrane
and cytoplasmic sensors, such as toll-like receptors (TLRs) and
RNA helicases, to detect pathogen-associated molecular pat-
terns like viral RNA (3, 9, 31, 47, 54). Activation of these
sensors by viral RNA intermediates sets off a cascade of sig-
naling events that ultimately turn on transcription factors, such
as NF-�B, ATF2/c-Jun, IRF-7, and IRF-3. These activated
transcription factors translocate to the nucleus and upregulate
transcription of interferon (IFN) mRNAs. The translation and
subsequent secretion of IFNs activates cells to upregulate in-
terferon-stimulated genes (ISGs) to establish an antiviral state
hostile to viral replication. Of importance for this study, many
of the signaling events that link the sensors to the transcription
factors are mediated by the activities of kinases and ubiquiti-
nating enzymes that modify and activate critical intermediates
in the cascade (7, 8, 20, 25). For example, signaling from RIG-I
can proceed through MAVS/TRAF3/TANK to TBKI and in-
ducible I�B kinase (IKKi), which ultimately phosphorylate
IRF-3. Recent studies indicate that both TRAF3 and TANK
are modified by lysine-63-linked polyubiquitination and can be
inactivated by DUBA, a cellular deubiquitinating (DUB) en-

zyme (28). Thus, ubiquitinating enzymes and DUBs are critical
players in modulating the innate immune response.

For positive-strand RNA viruses that replicate in the cyto-
plasm of the cell using double-stranded RNA intermediates,
the cytoplasmic innate immune sensors and subsequent signal-
ing cascades represent a minefield that must be either neutral-
ized, navigated by stealth, or both. Recent studies have re-
vealed that viral proteases can act as “multitaskers” during
viral replication by not only processing viral polyproteins but
also cleaving/inactivating key players in the innate immune
response. For example, the hepatitis C virus NS3-4A protease
cleaves the viral replicase polyprotein and inactivates the key
signaling proteins TRIF and MAVS (36, 38, 42, 46). Picorna-
virus 3C protease is essential for processing the replicase
polyprotein and inactivating NF-�B and RIG-I (2, 49). In these
studies, the catalytic function of the viral proteases was essen-
tial for the inactivation of host factors involved in signaling the
innate immune response. Recently the coronavirus papain-like
protease domains have also been identified as modulators of
the innate immune response; however, the mechanisms of in-
hibition are not entirely clear (13, 16, 70).

Coronaviruses are enveloped viruses with large RNA ge-
nomes (28 to 32 kb) that cause disease in humans ranging from
common colds (human coronavirus [CoV] 229E [HCoV-229E]
and OC43) to croup and pneumonia, seen mostly in very young
and old populations (HCoV-NL63 and -HKU1), to severe
acute respiratory syndrome (SARS) coronavirus (SARS-CoV)
with 10% mortality (53). Upon entry, coronavirus genomic
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RNA is translated to produce two large polyproteins, pp1a and
pp1ab. These polyproteins are processed by viral cysteine
proteases, papain-like (PLPs/PLpro) and picornavirus 3C-
like (3CLpro), to generate mature nonstructural proteins
(nsp’s) that assemble with host cell membranes to form double
membrane vesicles (DMVs) (18, 19, 61). These DMVs are the
site of viral RNA synthesis producing double-stranded inter-
mediates and genomic/subgenomic mRNAs. Interestingly, ro-
bust replication of SARS-CoV was shown to trigger low but
detectable levels of beta interferon (IFN-�) (13, 62, 63). The
low-level IFN response to a vigorously replicating RNA virus
suggests that SARS-CoV either evades or inactivates the in-
nate immune response. Indeed, recent studies indicate that
SARS-CoV encodes multiple proteins, such as nsp1, protein
3b, protein 6, and the nucleocapsid protein that modulate
multiple pathways of the innate immune response (17, 27, 30,
48, 68). In addition, we showed that the SARS-CoV papain-
like protease (PLpro) domain acts as an interferon antagonist
that blocks the phosphorylation and subsequent nuclear trans-
location of IRF-3 (13). We also showed via X-ray structural
studies that the SARS-CoV PLpro domain is similar to cellular
deubiquitinating enzymes (57), and we and others demon-
strated that PLpro is both a protease and a DUB (4, 39, 40).
Initially, we hypothesized that either the protease or DUB
activity would be required for modulating the innate immune
response, but we found that inactivation of the catalytic cys-
teine residue of PLpro, which ablates both proteolysis and
deubiquitinating activity, decreased but did not abrogate
PLpro’s ability to block activation of interferon (13). These results
are consistent with a protease/DUB-independent mechanism
that contributes to interferon antagonism. Frieman and co-
workers also showed that catalytic mutants of PLpro retained
interferon antagonism, and they reported that deletion of the
PLP ubiquitin-like (Ubl) domain upstream of the catalytic site
resulted in a loss of antagonism (16). Studies by Zheng et al. of
the PLP domain of murine hepatitis virus (MHV) suggested
that viral DUB activity may be required for interferon antag-
onism, although they reported that MHV PLP2 catalytic cys-
teine mutants became less efficient at, but did not eliminate,
blockade of the interferon response (70). Therefore, further
studies are required to clarify the role of coronavirus protease/
DUB activity in PLP-mediated interferon antagonism.

In this study, we analyzed the DUB and IFN antagonism
profiles of the papain-like proteases of human coronavirus
NL63 and SARS-CoV (group 1 and group 2 coronaviruses,
respectively). We show that HCoV-NL63 PLP2 is a deubiq-
uitinating and deISGylating (ISG15-removing) enzyme.
HCoV-NL63 infection, like that of SARS-CoV, triggers a weak
type I IFN response in human airway epithelial cell cultures.
We also evaluated the role of PLP2 and PLpro enzymatic
activity in interferon antagonism. By generating dose-response
profiles of IFN antagonism, we found that the papain-like
proteases do not require enzymatic activity to inhibit type I
IFN induction. Using a pharmacological approach, we found
that the inhibition of PLpro did not alter the antagonism of
IRF-3-dependent reporters but did affect an NF-�B- depen-
dent reporter. Overall, we show that multifunctional corona-
virus PLPs target the activities of key transcription factors
involved in the induction of type I interferons and thereby
hinder the activation of the innate immune system.

MATERIALS AND METHODS

Cells and HCoV-NL63. HeLa cells, HEK293 cells, and HEK293-TLR3 (stable
expression of human TLR3 receptor) cells were cultured using Dulbecco’s mod-
ified Eagle’s medium containing 10% (vol/vol) fetal calf serum, supplemented
with penicillin (100 U/ml) and streptomycin (100 �g/ml). The HCoV-NL63 (P8)
virus and LLC-MK2 cells were kindly provided by Lia van der Hoek (University
of Amsterdam, Amsterdam, Netherlands) and propagated as described previ-
ously (12). A plaque-purified isolate of HCoV-NL63 was kindly provided by
Christian Drosten and propagated in CaCo2-TC7 cells (21). This virus stock was
used to infect human airway epithelial cells as described previously (1).

Plasmid DNA. pcDNA3.1-Flag-Ub was kindly provided by Adriano Marchese
(Loyola University Medical Center). IFN-�-Luc was kindly provided by John
Hiscott (Jewish General Hospital, Montreal, Canada). pISRE-Luc has been
previously described (35). pRL-TK Renilla luciferase reporter was purchased
from Promega. N-RIG-Flag, NF-�B-Luc, and nsp2/3-GFP were kindly provided
by Ralph Baric (University of North Carolina). pcDNA3-myc6-mISG15 was
kindly provided by Min-Jung Kim (Pohang University of Science and Technol-
ogy, Pohang, Republic of Korea). pcDNA3-Ube1L and pcDNA3-UbcH8 were
kind gifts from Robert M. Krug (University of Texas).

PLP1 and PLP2 core domain synthesis, cloning, and site-directed mutagen-
esis. To obtain high expression in eukaryote cells, the codon usage of the
HCoV-NL63 PLP1 core domain (amino acids 1018 to 1277 of HCoV-NL63) and
PLP2 core domain (amino acids 1570 to 1884) were optimized based on human
codon usage frequency, and the potential splicing sites and poly(A) signal se-
quences were removed and cloned into pcDNA3.1-V5/HisB at the BamHI and
EcoRI sites as an in-frame fusion with the V5 peptide. The native viral sequence
for the remainder of nsp3 (including the transmembrane domain downstream of
PLP2) was cloned into pcDNA3.1-PLP2(N) using the existing EcoRI site and
XhoI to generate transmembrane (TM)-containing PLP2 (PLP2-TM) in frame
with the V5 peptide. To generate specific mutations in the catalytic residues
(C1062 and H1212 in PLP1 and C1678 and H1836 in PLP2), mutagenic primers
were incorporated into newly synthesized DNA using the QuikChange II XL
site-directed mutagenesis protocol (Stratagene, La Jolla, CA) according to the
manufacturer’s instruction. Mutated nucleotides are indicated in bold. PLP1
C1062A was amplified using the forward primer 5� AAC AAC GCC TGG ATC
AGC ACC ACC CTG GTG CAA CTG 3� and reverse primer 5� GAT CCA
GGC GTT GTT GTC GCT CTG GTC CAG CAC CCG 3�. PLP1 H1212A was
amplified using the forward primer 5� AGC GGC GCC TAC CAG ACC AAC
CTG TAC AGC TTC AAC 3� and reverse primer 5� CTG GTA GGC GCC
GCT GCC CTT CAC GCC CAG GTA CAC 3�. PLP2 C1678A was amplified
using the forward primer 5� AAC AAC GCC TGG GTG AAC GCC ACC TGC
ATC ATC CTG 3� and reverse primer 5� CAC CCA GGC GTT GTT GTC GGT
GGT GCC CAG CAC CCG 3�. PLP2 H1836A was amplified using the forward
primer 5� AAC GGC GCC TAC GTG GTG TAC GAC GCC GCC AAC AAC
3� and reverse primer 5� CAC GTA GGC GCC GTT GTC GAA GCT GCC
GCT GAA GG 3�. The primers used for mutagenesis were designed according
to the modified methods of Zheng et al. (71). All introduced mutations were
confirmed by DNA sequencing.

Assay of deubiquitinating activity in cultured cells. The effect of HCoV-NL63
PLP1 and PLP2 on ubiquitinated proteins in cultured cells was assessed as
described previously (14). Briefly, HeLa cells cultured in 60-mm dishes were
cotransfected with 0.4 �g of pcDNA3.1-Flag-Ub plus appropriate amounts of
constructs containing PLP1, PLP2, or the corresponding catalytic mutants.
Transfection was performed with Lipofectamine 2000 per the manufacturer’s
instructions. The empty vector pcDNA3.1/V5-HisB was used to standardize the
total amount of DNA used for transfection. After 48 h, cells were harvested by
adding 250 �l 2� LBA, containing 20 mM N-ethylmaleimide (NEM) (Calbio-
chem) and 20 mM iodoacetamine (Sigma). Cell lysates were then analyzed for
ubiquitin (Ub)-conjugated proteins by Western blotting with anti-Flag M2 anti-
body (1:10,000) (Sigma). Proteins were separated via SDS-PAGE, followed by
transfer to a polyvinylidene difluoride (PVDF) membrane in transfer buffer
(0.025 M Tris, 0.192 M glycine, and 20% methanol) for 2 h at 4°C. The mem-
brane was blocked using 5% dried skim milk in Tris-buffered saline (TBS) (0.9%
NaCl, 10 mM Tris-HCl, pH 7.5) plus 0.1% Tween 20 (TBST) for 2 h at room
temperature. The blot was probed with the indicated antibody overnight at 4°C.
The membrane was washed in TBST three times for 20 min (each). Following the
washes, the membrane was incubated with peroxidase-conjugated secondary
antibody (donkey anti-rabbit or goat anti-mouse IgG horseradish peroxidase
[HRP]) (Amersham) at a dilution of 1:10,000 for 2 h at room temperature. The
membrane was then washed three times with TBST and detected with Western
Lightning Chemoluminescence Reagent Plus (PerkinElmer LAS Inc.). To con-
firm the expression levels of PLP1, PLP2, and the mutants, anti-V5 antibody
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(Invitrogen) was used to detect the V5-tagged proteins. Calnexin was detected
with anti-calnexin monoclonal antibody (MAb) (BD Transduction Lab) as a
protein loading control.

NL63 PLP2 cleavage of K48- and K63-linked ubiquitin chains. The NL63
PLP2 wild-type protein was purified as previously described (4, 12), and ubiquitin
chains were purchased from Boston Biochem (K48-Ub6 [catalog no. UC-217]
and K63-Ub6 [catalog no. UC-317]). Proteolytic cleavage of K48-linked or K63-
linked ubiquitin chains was carried out under the following conditions: 0.01 �g of
purified PLP2 was incubated with 2.5 to 5 �g of K48-Ub6 or K63-Ub6 at 25°C in
a 10- to 20-�l volume containing 50 mM HEPES, pH 7.5, 0.1 mg/ml bovine
serum albumin (BSA), 100 mM NaCl, and 2 mM dithiothreitol (DTT). A control
reaction was incubated under identical conditions with the exclusion of enzyme.
At specified time points, the reactions were quenched with the addition of
SDS-PAGE sample loading dye to a 1� concentration (25 mM Tris, pH 6.8, 280
mM �-mercaptoethanol, 4% glycerol, 0.8% SDS, 0.02% bromophenol blue) and
heat treated at 95°C for 5 min. The samples were analyzed by electrophoresis on
a 15% SDS-PAGE gel and stained with Coomassie dye.

Assay of deISGylating activity in cultured cells. The effect of HCoV-NL63
PLP2 on ISGylated proteins in cultured cells was assessed as described previ-
ously (69). Briefly, HEK293 cells cultured in 60-mm dishes were cotransfected
with 0.5 �g of pcDNA3-myc6-mISG15, 0.25 �g of pcDNA3-Ube1L, and 0.25 �g
of pcDNA3-UbcH8 plus appropriate amounts of constructs containing PLP2 or
the corresponding catalytic mutant with a total of 2 �g of plasmid DNA for each
transfection. The empty vector pcDNA3.1/V5-HisB was used to standardize the
total amount of DNA used for transfection. Transfection was performed with
Lipofectamine 2000 per the manufacturer’s instructions. After 30 h, cells were
harvested by adding 250 �l 2� LBA containing 20 mM N-ethylmaleimide (Cal-
biochem) and 20 mM iodoacetamine (Sigma). Cell lysates were then analyzed for
ISG-conjugated proteins by Western blotting with monoclonal anti-myc antibody
(1:2,000; MBL Companies, Japan) as described above. To confirm the expression
levels of PLP2 and the mutants, anti-V5 antibody (1:5,000; Invitrogen) was used
to detect the V5-tagged proteins. Actin was detected with antiactin MAb (Beyo-
time Institute of Biotechnology, China) as a protein loading control.

Enzyme-linked immunosorbent assay for IFN-� secretion in HAE culture
supernatants. Human airway epithelial (HAE) cultures were generated as pre-
viously described (1). Cultures were inoculated with 100 �l of 105 PFU/ml
HCoV-NL63, 2,000 hemagglutinating units (HAU)/ml Sendai virus (SeV), or
medium for 1 h at 37°C, after which the inoculum was removed and apical washes
with 200 �l of F12 medium (Gibco) were performed at indicated times. The
IFN-� concentration was determined by a commercial enzyme-linked immu-
nosorbent assay (ELISA) (PBL Biomedical Laboratories) according to the man-
ufacturer’s instructions. Data were analyzed and plotted using the GraphPad
Prism 5.0 software program.

Luciferase reporter gene assay. To determine if PLpro and/or PLP2 modulates
IFN expression in host cells, the IFN-�-Luc reporter, consisting of the IFN-�
promoter upstream of firefly luciferase, was transfected into HEK293 cells along
with PLpro, �Ubl-PLpro-Sol, �Ubl-PLpro-TM, PLP2, PLP2-TM, or the C1678A
and H1836A PLP2 catalytic mutants in the soluble or transmembrane versions.
pRL-TK, encoding Renilla luciferase under the control of the herpes simplex
thymidine kinase promoter (low to moderate Renilla expression), was used for
normalization of transfection efficiency. HEK293 cells were transfected by Li-
pofectamine 2000 or LT1 transfection reagent (MirusBio) according to the
manufacturer’s instructions and incubated for 24 h. Cells were then mock in-
fected or infected with Sendai virus (Cantell strain; Charles River Laboratories)
at the dose of 100 HAU/ml for 16 h or transfected with N-RIG-Flag for 24 h to
activate the RIG-I-dependent IFN pathway. To detect TLR3-dependent IFN
expression, HEK293-TLR3 cells were transfected with IFN-�-Luc and PLP2 for
24 h. Cells were then treated with poly(IC) for 6 h as described previously (13).
Firefly luciferase and Renilla luciferase activities were assayed using the Dual-
Luciferase reporter assay kit (Promega) and a luminometer.

Drug inhibition of SARS-CoV PLpro. HEK293 cells were transfected with
plasmids encoding PLpro-TM (13), IFN-�-Luc, ISRE-Luc, NF-�B-Luc, pRL-
TK, nsp2/3-GFP substrate, and/or N-RIG-Flag. The pcDNA3.1/V5-HisB vector
was used to standardize the DNA concentration for transfection. Dimethyl
sulfoxide (DMSO) vehicle control or 100 �M GRL-0617S (56) was added at the
time of transfection. Tumor necrosis factor alpha (TNF-�) (10 ng/ml) from
Roche was used to stimulate the NF-�B-Luc reporter (6 h of stimulation). Cell
lysates were prepared per the manufacturer’s instruction using 1� passive lysis
buffer (Promega), and luciferase activity was measured using the Dual-Lucif-
erase reporter assay kit (Promega) and a luminometer. Cell lysates were also
mixed 1:1 with 2� sample buffer and subjected to Western blotting as described
above. PLpro-TM was detected with anti-V5 (Invitrogen), and nsp2/3-GFP and

nsp3-GFP were detected with rabbit anti-green fluorescent protein (anti-GFP)
(Invitrogen).

RESULTS

NL63 PLP2 but not PLP1 has deubiquitinating activity.
Previously we showed that HCoV-NL63 replicase nonstruc-
tural protein 3 (nsp3) encodes two papain-like proteases, PLP1
and PLP2, that process the amino-terminal end of the replicase
polyprotein (Fig. 1A). In addition, we have shown that PLP2
can process K48-linked polyubiquitin chains, suggesting that
this protease has deubiquitinating activity (12). Both the
polyprotein cleavage and K48-linked polyubiquitin chain pro-
cessing are dependent on a cysteine residue in the catalytic
triad of this cysteine protease (12). To determine if one or both
of these NL63 PLPs can remove ubiquitin conjugated to cel-
lular proteins, HeLa cells were transfected with plasmid DNA
encoding PLP1 or PLP2 along with pcDNA3.1-3�Flag-Ub,
and the effect of expression of PLP1 and PLP2 on the extent of
ubiquitinated cellular proteins was assessed via Western blot-
ting with anti-Flag antibodies. We found that increasing ex-
pression of PLP2 resulted in a dramatic reduction in the level
of Ub-conjugated proteins (Fig. 1B). We noted that PLP2
appears to have global DUB activity, since no particular cel-
lular substrates were spared. As expected, this PLP2 DUB
activity is dependent on an intact catalytic cysteine residue
1678, and mutation of this residue to alanine resulted in the
loss of DUB activity (Fig. 1C). In contrast, PLP1 did not show
any significant reduction of Flag-Ub conjugates at the concen-
trations tested (Fig. 1D). These results indicate that NL63
PLP2, like SARS-CoV PLpro, has potent DUB activity that
can remove ubiquitin conjugates from many cellular substrates.

NL63 PLP2 processes lysine-63-linked in addition to lysine-
48-linked polyubiquitin. Cellular proteins can be covalently
modified with ubiquitin at one or multiple lysines through an
isopeptide bond that links the carboxy terminus of ubiquitin to
a lysine on the target protein. Ubiquitin itself contains seven
lysines that can be further conjugated to the C terminus of
another ubiquitin molecule, forming different types of poly-
ubiquitin-linked chains on the targeted protein. The two most
common types of polyubiquitin chains are linked through ubiq-
uitin lysine 48 (K48) and lysine 63 (K63). These modifications
play key regulatory roles in protein degradation and pathway
signaling and have been associated with controlling several
pathways of innate and adaptive immunity (7). Previous studies
indicated that SARS-CoV PLpro processes both K48- and
K63-linked ubiquitin (39, 40). To assess if HCoV-NL63 PLP2
has isopeptidase activity that will deconjugate K63-linked ubiq-
uitin in addition to K48-linked isopeptidase activity, purified
PLP2 enzyme was incubated with hexameric K48-linked and
K63-linked polyubiquitin chains. SDS-PAGE analysis of the
cleavage products shows that PLP2 can cleave the substrates in
vitro (Fig. 2), and with prolonged incubation times, both chains
can be reduced to monoubiquitin (data not shown). These data
show that both major forms of polyubiquitin can be recognized
and degraded by HCoV-NL63 PLP2.

PLP2 possesses deISGylating activity. Several viral DUBs,
including SARS-CoV PLpro, can also deconjugate Ub-like moi-
eties such as ISG15 (39, 40). Conjugation of ISG15 has been
shown to be important for protection against viral infection
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(15, 33, 34). We assessed whether HCoV-NL63 PLP2 can
deISGylate cellular c-myc-tagged ISG15 (c-myc-ISG15) conju-
gates. HeLa cells were transfected with increasing amounts of
plasmid DNA encoding PLP2 along with c-myc-ISG15 and the
ISG15 conjugation machinery Ube1L and UbcH8 to enhance
ISGylation of host cell proteins. The ability of PLP2 to
deISGylate cellular proteins was then assayed via Western blot-
ting with anti-myc antibody. We found that expression of in-
creasing amounts of PLP2 was associated with a dramatic re-
duction in the levels of ISGylated cellular proteins (Fig. 3A), in
agreement with a previous report (50). The deISGylating ac-
tivity was dependent on intact catalytic residues C1678 and
H1836, since mutation of these residues to alanine resulted
in the loss of deISGylating activity (Fig. 3B). Thus, HCoV-

NL63 PLP2 is a potent DUB/deISGylating enzyme that acts
on many modified cellular substrates.

IFN-� release from human airway epithelial (HAE) cell
cultures. HAE cultures are a useful model system for studying
human respiratory viruses, including HCoV-NL63, since they
mimic human bronchial epithelium, which is the primary site of
infection (1, 60). HAE cell cultures were infected with HCoV-
NL63 or Sendai virus, and apical wash samples were collected
at 24, 48, 72, 96, and 144 h postinfection. The presence of
secreted IFN-� in the apical wash was measured by ELISA.
Mock-infected cultures released no detectable IFN-�, whereas
cultures inoculated with a potent IFN inducer, Sendai virus,
released more than 400 pg/ml of IFN-�. In contrast, inocula-
tion of HAE cultures with HCoV-NL63 stimulated low but

FIG. 1. HCoV-NL63 PLP2, but not PLP1, has a dose-dependent global deubiquitinating activity in cultured cells. (A) Schematic diagram of
the NL63 genomic RNA and the resulting polyprotein 1ab, which contains three viral proteases. PLP1 and PLP2 cleavage sites are indicated, as
are the resulting nonstructural proteins. The V5-tagged constructs of PLP2 used in this study are listed, and the catalytic residues numbering from
ORF 1a are shown. DNA encoding HCoV-NL63 PLP2 (B), PLP2 C1678A (C), or PLP1 (D) was transfected into HeLa cells along with
pcDNA3.1-3�Flag-Ub. Cell lysates were prepared at 24 h posttransfection and analyzed for Flag-Ub-conjugated proteins by Western blotting with
an anti-Flag antibody. Mouse anti-V5 was used to confirm the expression of PLP1 and PLP2, and anticalnexin antibody was used to detect calnexin,
which serves as a protein loading control. Molecular weight markers shown on the left of each gel are in thousands.
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detectable levels of IFN-� from 24 to 144 h postinfection (Fig.
4). These results are reminiscent of the reports of low but
detectable levels of IFN-� produced from SARS-CoV-infected
cells (13, 63) and indicate that either HCoV-NL63 is a weak

inducer of the IFN-� response or, like SARS-CoV, HCoV-
NL63 encodes potent IFN antagonists.

PLP2 inhibits both RIG-I- and TLR3-dependent IFN-� ex-
pression. To determine if PLP2 is an IFN antagonist, we trans-
fected HEK293 cells with plasmids encoding HCoV-NL63
PLP2 or SARS-CoV PLpro along with IFN-�–luciferase and
Renilla luciferase reporters for 24 h. Then, the RIG-I-depen-
dent pathway leading to IFN-� expression was activated by
Sendai virus infection for 16 h or by a dominant active N-
terminal portion of RIG-I (N-RIG). We found that activation
of the IFN-� promoter by Sendai virus (Fig. 5A) or N-RIG
(Fig. 5B) was inhibited in the presence of either NL63 PLP2 or
SARS-CoV PLpro. To determine if HCoV-NL63 PLP2 inhib-
its TLR3-mediated activation of IFN-� production, PLP2 and
the reporters were transfected into HEK293-TLR3 cells, and
then the TLR3-mediated pathway was activated by addition of
poly(IC) to the cell culture medium. We found that activation
of the IFN-� promoter by the TLR3-mediated pathway was
significantly inhibited by HCoV-NL63 PLP2 and SARS-CoV
PLpro (Fig. 5C). These results demonstrate that the IFN an-
tagonism mediated by coronavirus PLPs is conserved in two
distinct viruses, although there is only 19% amino acid identity
between the catalytic domains of HCoV-NL63 PLP2 and
SARS-CoV PLpro in this region of nsp3 (4).

Mutation of the catalytic residues does not abolish HCoV-
NL63 PLP2 IFN antagonism. To further elucidate the inter-
feron antagonism profile of PLP2, a dose-dependent IFN an-
tagonism profile was generated. Concurrently, to determine if
IFN antagonism is dependent on catalytic activity, plasmid
DNAs encoding PLP2 or the C1678A (devoid of enzymatic
activity) and H1836A (severely reduced) catalytic mutants
were transfected with the IFN-� and pRL-TK reporters into
HEK293 cells, and IFN-� reporter activity was assessed. N-
RIG was used to stimulate IFN-� induction. We found that,
like the PLP2 wild type, both PLP2 C1678A and PLP2 H1836A
exhibit dose-dependent inhibition of IFN-� promoter activity;
however, the catalytic mutants were less efficient than wild-
type PLP2 (Fig. 6A). Expression of the proteases was verified

FIG. 2. Processing of K48- and K63-linked ubiquitin chains by
PLP2. NL63 PLP2 was incubated with K48-linked (left) or K63-
linked (right) Ub6 chains for the indicated time points before being
analyzed by SDS-PAGE. Uncleaved Ub6 is run in the first lane of
each gel. The expected sizes of the Ub species are indicated to the
left of all gels. Molecular weight (MW) markers include 250,000-,
100,000-, 75,000-, 50,000-, 37,000-, 25,000-, 20,000-, 15,000-, and
10,000-molecular-weight bands.

FIG. 4. Evaluating interferon-� secretion from human airway epi-
thelial (HAE) cell cultures following HCoV-NL63 infection. Apical
washes were collected from HAE cultures at 24, 48, 72, 96, and 120 h
postinfection, and secreted IFN-� was measured by ELISA. Superna-
tant from HAE cells infected with Sendai virus (SeV) for 24 h was used
as a positive control.

FIG. 3. NL63 PLP2 has global deISGylating activity in cultured
cells. HEK293 cells were transfected with pcDNA3-myc6-mISG15,
pcDNA3-Ube1L, and pcDNA3-UbcH8 plus indicated amounts of the
PLP2 expression construct (A) or PLP2 expression construct and the
corresponding catalytic mutants (B). To ensure that the total amount
(2 �g/transfection) of plasmids for transfection was equal under every
condition, empty vector pcDNA3.1/V5-HisB (v) was used to standard-
ize the total amount of DNA. After 30 h, cells were harvested, and cell
lysates were analyzed for ISG-conjugated proteins by Western blotting
with monoclonal anti-myc antibody. Expression levels of V5-tagged
PLP2 and mutant enzymes were detected with anti-V5 antibody. Actin
was detected with antiactin MAb antibody as a protein loading control.
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by Western blotting (Fig. 6B). These results indicate that en-
zymatic activity of PLP2 is not strictly required for inhibition of
antiviral IFN expression.

The transmembrane (TM) form of PLP2 is also an IFN
antagonist. The PLP domains are part of a larger nsp3 protein
in SARS-CoV and HCoV-NL63 that is membrane bound. Pre-

viously we showed that the biologically relevant transmem-
brane-containing form of SARS-CoV PLpro, termed PLpro-
TM, is a potent IFN antagonist (13). To determine if the
membrane-tethered version of HCoV-NL63 PLP2 can func-
tion as an interferon antagonist, the NL63 TM sequence was
cloned into the PLP2 construct in frame with the V5 epitope
tag, and the resulting construct was designated PLP2-TM.
HEK293 cells were transfected with PLP2-TM or the catalytic
mutant PLP2-TM C1678A or PLP2-TM H1836A, along with
the IFN-� and pRL-TK reporters. N-RIG was used to stimu-
late IFN-� induction. We found that PLP2-TM and the cata-
lytic mutants were able to inhibit N-RIG-induced IFN-� re-
porter activity in a dose-dependent manner, although like the
soluble version of PLP2, the catalytic mutants were less effi-
cient than the wild type (Fig. 7A). Expression of the proteases
was verified by Western blotting (Fig. 7B). These data corrob-
orate our previous results indicating that the catalytic site is not
essential for IFN-� antagonism by HCoV-NL63 PLP2.

PLpro IFN antagonism is not dependent on the ubiquitin-
like domain. In addition to the downstream TM domain, a
previous study suggested that the upstream ubiquitin-like do-
main (Ubl) plays a role in the IFN antagonism of SARS-CoV
PLpro, since deletion of this domain in the soluble version of
PLpro results in a loss of IFN antagonism (16). Currently, no
analogous domain has been identified in HCoV-NL63 PLP2.
To determine the role of the Ubl domain in the more biolog-
ically relevant transmembrane form of PLpro, we generated
identical Ubl deletions (�Ubl) of PLpro in both the soluble
and transmembrane forms and performed a dose-response
profile of IFN antagonism. In contrast to results of the study by
Frieman and coworkers, we found that �Ubl-PLpro-Sol was as
potent as wild-type PLpro in inhibiting N-RIG-induced IFN-�
reporter activity, as was �Ubl-PLpro-TM (Fig. 8B). Expression
of the proteases was verified by Western blotting (Fig. 8C).
These results indicate that the Ubl domain of PLpro has no
effect on antagonism of type I IFN induction.

FIG. 5. PLP2 inhibits both RIG-I- and TLR3-dependent IFN-� induction. (A) HEK293 cells were transfected with IFN-�-Luc, pRL-TK, and
either 300 ng of HCoV-NL63 PLP2 or 300 ng of SARS-CoV PLpro. At 24 h posttransfection, cells were either mock infected or infected with
Sendai virus for 16 h. Following infection, cell lysates were prepared and assayed using the Dual-Luciferase reporter assay. (B) HEK293 cells were
transfected with IFN-�-Luc, pRL-TK, 200 ng N-RIG, and either 300 ng of HCoV-NL63 PLP2 or 300 ng of SARS-CoV PLpro. At 24 h
posttransfection, cell lysates were prepared and assayed using the Dual-Luciferase reporter assay. (C) HEK293-TLR3 cells were transfected with
IFN-�-Luc, pRL-TK, and either 300 ng of HCoV-NL63 PLP2 or 300 ng of SARS-CoV PLpro. At 24 h posttransfection, cells were either mock
treated or treated with poly(IC) for 6 h. Following poly(IC) treatment, cell lysates were prepared and assayed using the Dual-Luciferase reporter
assay. Error bars indicate standard deviations from the means for triplicates.

FIG. 6. HCoV-NL63 PLP2 and the catalytic mutants inhibit RIG-
I-mediated IFN induction in a dose-dependent manner. PLP2 and the
C1678A and H1836A catalytic mutants were cotransfected with IFN-
�-Luc and pRL-TK reporters into HEK293 cells. A dominant active
N-terminal portion of RIG-I was used to stimulate IFN-� induction.
At 24 h posttransfection, cell lysates were harvested and assayed for
luciferase activity via the Dual-Luciferase reporter assay. Values are
expressed as percentages of N-RIG-stimulated luciferase controls set
to 100. Error bars indicate standard deviations from the means for
triplicates. (B) The cell lysates described above were mixed with 2�
sample buffer and subjected to 12.5% SDS-PAGE. Following transfer
to nitrocellulose, the membrane was blotted with mouse anti-V5 to
detect the proteases and antiactin as a loading control.
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Inhibition of SARS-CoV PLpro by protease inhibitor GRL-
0617S has no effect on IFN-� or IFN-stimulated response
element (ISRE) reporter activity but abrogates inhibition of
NF-�B reporter activity. The mutagenesis data for PLP2 sug-
gest that the catalytic residues (and thus catalytic activity) are
not required for interferon antagonism, and Devaraj et al.
reached a similar conclusion for SARS-CoV PLpro (13). To
further evaluate the role of protease/DUB activity in inter-
feron antagonism of wild-type PLpro, we added a protease
inhibitor (GRL-0617S) that has been developed and shown to
specifically and selectively block protease and DUB activity of
SARS-CoV PLpro (56) and assessed the ability of PLpro to
inhibit activation of IFN-�-Luc, ISRE-Luc, or NF-�B-Luc re-
porter activity. HEK293 cells were transfected with plasmid
DNA encoding the transmembrane form of PLpro-TM (amino
acids 1541 to 2425 of SARS-CoV ORF 1a), previously shown
to be a potent IFN antagonist (13), and pRL-TK along with the
IFN-�, ISRE, or NF-�B reporter, and an nsp2/3-GFP sub-
strate. At the time of transfection, the cells were treated with
100 �M GRL-0617S (10 times the 50% effective concentration
[EC50]) or DMSO (vehicle control). At 24 h after transfection,
cell lysates were generated and evaluated for induction of the
reporters and proteolytic processing of the nsp2/3 substrate.
We found that inhibition of protease activity by GRL-0617S

had no effect on the IFN-� reporter (Fig. 9A) and little to no
effect on the ISRE reporter, which is dependent on IRF-3 (Fig.
9B). We did detect an alleviation of PLpro-mediated inhibition
of the NF-�B reporter by GRL-0617S (compare Fig. 9A and
9B with 9C). These results indicate that protease/DUB activity
may be important for PLpro-mediated inhibition of NF-�B
activity but not essential for inhibition of IRF-3 activity. To
demonstrate efficacy of the protease inhibitor, cell lysates used
in the reporter assay were assessed for nsp2/3-GFP substrate

FIG. 7. The transmembrane form of HCoV-NL63 PLP2 and cata-
lytic mutants inhibit RIG-I-mediated IFN-� induction in a dose-de-
pendent manner. The native downstream hydrophobic domain was
cloned into the PLP2 plasmid, and the catalytic cysteine or histidine
residue was mutated to alanine. (A) HEK293 cells were transfected
with the indicated amounts of PLP2-TM, PLP2-TM C1678A, or
PLP2-TM H1836A along with the IFN-�-Luc and pRL-TK reporters.
N-RIG was used to stimulate IFN-� induction. At 24 h posttransfec-
tion, cell lysates were harvested and assayed for luciferase activity via
the Dual-Luciferase reporter assay. Values are expressed as percent-
ages of N-RIG-stimulated luciferase controls set to 100. Error bars
indicate standard deviations from the means for triplicates. (B) The
cell lysates described above were mixed with 2� sample buffer and
subjected to 12.5% SDS-PAGE. Following transfer to nitrocellulose,
the membrane was blotted with mouse anti-V5 to detect the proteases
and antiactin as a loading control.

FIG. 8. The ubiquitin-like domain of SARS-CoV PLpro is not re-
quired for IFN antagonism. (A) Schematic diagram of nsp3 and the
various V5-tagged deletion constructs. Numbers above the constructs
indicate the amino acid numbers counting from ORF 1a. (B) HEK293
cells were transfected with the indicated amounts PLpro-Sol, �Ubl-
PLpro-Sol, or �Ubl-PLpro-TM along with the IFN-�-Luc and
pRL-TK reporters. A dominant active N-terminal portion of RIG-I
was used to stimulate IFN-� induction. At 24 h posttransfection, cell
lysates were harvested and assayed for luciferase activity via the Dual-
Luciferase reporter assay. Values expressed are relative to results for
cells transfected with the reporters alone. Error bars indicate standard
deviations from the means for triplicates. (C) The cell lysates described
above were mixed with 2� sample buffer and subjected to 12.5%
SDS-PAGE. Following transfer to nitrocellulose, the membrane was
blotted with mouse anti-V5 to detect the proteases and antiactin as a
loading control.
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cleavage. The nsp2/3-GFP substrate contains a region of nsp2/
nsp3 (including the cleavage site) fused in-frame with GFP and
was previously shown to be a substrate for PLpro (16). As
shown in Fig. 9D, the nsp3-GFP cleavage product was readily

detected in cell lysates that contain PLpro in the absence of
GRL-0617S. In contrast, the processing of nsp2/3-GFP and
liberation of nsp3-GFP was almost completely abrogated in the
presence of the drug. Overall, these data provide further sup-
port that there is a catalysis-independent component to type I
IFN antagonism by the papain-like proteases of human coro-
naviruses.

DISCUSSION

In this study, we describe the multifunctional nature of the
papain-like protease domains of NL63 and SARS coronavi-
ruses. These coronavirus PLP domains act as viral proteases,
deubiquitinating/deISGylating enzymes, and are able to antag-
onize innate immune induction of type I interferon. We found
that PLP interferon antagonism is enhanced by, but is not
strictly dependent on, the catalytic activity of the enzyme. In-
hibition of coronavirus protease and DUB activity by mutagen-
esis or pharmacological means did not abrogate interferon
antagonism. Therefore, these distinct PLP activities provide
multiple targets for antiviral therapies.

The recognition of the DUB/deISGylating activity of SARS-
CoV PLpro and HCoV-NL63 PLP2 provides new opportuni-
ties to investigate how the virus is modifying the host cell
environment. Posttranslational modification of proteins by
ubiquitin and ubiquitin-like (Ubl) molecules, such as SUMO,
ISG15, and Nedd8, plays a critical role in the regulatory pro-
cesses of virtually all aspects of cell biology (14, 15, 20, 22, 25,
29, 34, 41, 55). These modifications, though covalent, are
highly reversible. Deubiquitinating enzymes can deconjugate
Ub and Ub-like moieties and thus modulate the activities of
ubiquitinated proteins. There are about 100 DUBs encoded in
the human genome, and most of the known DUBs are cysteine
proteases, characterized by a Cys-His-Asp catalytic triad (51).
Several RNA viruses encode cysteine proteases to generate
mature viral proteins necessary for replication, and many have
been found to be multifunctional proteins. Like SARS-CoV
PLpro and HCoV-NL63 PLP2, the protease of a nairovirus,
Crimean Congo hemorrhagic fever virus (CCHFV), and the
proteases of arteriviruses, including equine arteritis virus
(EAV) and porcine respiratory and reproductive syndrome
virus (PRRSV), have DUB and deISGylase activity (4, 15, 39).
The contribution of these enzymatic activities to inhibition of
type I IFN induction is currently poorly understood. A vast
array of proteins involved in the type I IFN signaling cascade
are activated by ubiquitination. Induction of IFN-�, for exam-
ple, requires the activation of IRF-3 and NF-�B (45, 55).
Ubiquitination is known to be intimately involved in the acti-
vation of NF-�B. Polyubiquitination of receptor-interacting
protein (RIP), TNF receptor-associated factor 6 (TRAF6),
and TNF receptor-associated factor 2 (TRAF2) activates these
signaling intermediates, which leads to the polyubiquitination
of I�B. I�B, which binds to and holds NF-�B inactive in the
cytoplasm, is degraded via the proteasome, thereby freeing
NF-�B to translocate to the nucleus and induce IFN-� tran-
scription (20). Here we have shown that HCoV-NL63 PLP2
has a profound and global deconjugation effect on ubiquiti-
nated cellular conjugates, suggesting that the DUB activity of
PLP2 may modulate NF-�B activation. In addition, we dem-
onstrate that protease inhibitors, which block coronavirus

FIG. 9. SARS-CoV PLpro inhibits IFN-� and ISRE but not NF-�B
reporter activity in a dose-dependent manner in the presence or ab-
sence of a protease inhibitor. HEK293 cells were transfected with the
indicated amounts of PLpro-TM, pRL-TK, nsp2/3-GFP, and either
IFN-�-Luc (A), ISRE-Luc (B), or NF-�B-Luc (C). N-RIG was used to
stimulate IFN-� and ISRE. TNF-� (10 ng/ml) was used to stimulate
the NF-�B-Luc reporter. DMSO vehicle control or 100 �M GRL-
0617S was added at the time of transfection. At 24 h posttransfection,
cell lysates were harvested and assayed for luciferase activity via the
Dual-Luciferase reporter assay. Values are expressed as percentages of
N-RIG- or TNF-�-stimulated luciferase controls, set to 100. Error bars
indicate standard deviations from the means from triplicates. (D) The
cell lysates described above were mixed with 2� sample buffer and
subjected to 12.5% SDS-PAGE. Following transfer to nitrocellulose,
the membrane was blotted with mouse anti-V5 to detect PLpro-TM
and rabbit anti-GFP to detect the nsp2/3-GFP substrate and the nsp3-
GFP cleavage product.
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DUB activity, abrogate the moderate inhibition of NF-�B re-
porter activity imposed by transient, ectopic expression of
PLpro. These results support a role for coronavirus DUBs in
modulating the NF-�B response during coronavirus replica-
tion. However, further investigation is needed to delineate the
physiological effect of coronavirus PLPs on NF-�B signaling,
since SARS-CoV PLpro did not inhibit virus- or double-
stranded RNA (dsRNA)-induced activation of two well-char-
acterized NF-�B-dependent genes, encoding interleukin 6
(IL-6) and A20, when it was stably expressed in HeLa cells in
a tetracycline-regulated fashion (13).

The effect of ISGylation of cellular proteins on the antiviral
response is far less understood. It is known that ISG15
conjugation is required for protection against lethal Sindbis
virus infection of IFN-�/� receptor knockout mice (15).
Also, ISGylation has been shown to influence the activation of
the JAK/STAT pathway, involved in type I IFN signaling (44).
Intriguingly, IRF-3 also undergoes ISGylation during viral in-
fections, which was found to enhance innate antiviral re-
sponses by inhibiting virus-induced IRF-3 degradation (43).
We found that HCoV-NL63 PLP2 globally deconjugates
ISG15 similarly to its deconjugation of Ub, and this activity
depends on the catalytic sites of PLP2. Although the contribu-
tion of the deISGylation activity of PLP2 to IFN antagonism
remains to be further investigated, deISGylation of IRF-3 is
unlikely to be a significant contributing factor, since the PLP
catalytic mutants devoid of deISGylation activity still effec-
tively inhibited IFN induction.

Using human airway epithelial cells, which represent a cell
culture model for respiratory infection, we found that IFN-�
release induced by HCoV-NL63 was weak but measurable.
This finding is similar to weak IFN induction by the far more
pathogenic human coronavirus SARS-CoV, suggesting that
antagonism of type I IFN is a common trait of coronavirus
infection (13, 58, 63). In addition to PLpro, SARS-CoV en-
codes several other IFN antagonists. ORF 3b, ORF 6, and
nucleocapsid inhibit type I IFN induction via inhibition of
IRF-3 phosphorylation and its subsequent nuclear transloca-
tion (30). ORF 6 and nsp1 have been shown to inhibit IFN
signaling by interfering with the activity of STAT1 (17, 27, 48).
Mouse hepatitis virus also encodes several IFN antagonists,
including nsp1, nucleocapsid, and PLP2 (58, 68, 70). Thus,
there is clear evolutionary pressure to encode and maintain
multiple IFN antagonists. It has yet to be determined if nsp1
and nucleocapsid from HCoV-NL63 are IFN antagonists as
well.

Using reporter assays, we found that HCoV-NL63 PLP2 can
antagonize type I IFN induction independently of catalytic
activity. Catalytic mutants of PLP2 can dose-dependently in-
hibit IFN-� induction; however, this inhibition is reduced com-
pared to equivalent amounts of wild-type PLP2. In addition,
we note that the presence of the transmembrane domain con-
fers enhanced IFN antagonism, particularly in the catalytic
mutants. We speculate that the TM domain may facilitate
either protein folding or interaction with cellular protein part-
ners. Overall, the antagonism profile of HCoV-NL63 PLP2 is
remarkably similar to that of PLpro of SARS-CoV. In fact,
using a known specific inhibitor of SARS-CoV PLpro (GRL-
0617S), we found that PLpro can effectively inhibit type I IFN
induction despite a profound reduction in proteolysis, which

corroborates the notion of a catalysis-independent mechanism
for type I IFN antagonism. Previously we showed that SARS-
CoV PLpro is able to inhibit the phosphorylation and nuclear
accumulation of IRF-3 following Sendai virus infection (13).
We found that HCoV-NL63 PLP2 was also able to inhibit the
translocation of IRF-3 to the nucleus (data not shown); how-
ever, the mechanism of this inhibition is not yet clear. We are
actively searching for cellular factors that associate with
HCoV-NL63 PLP2 as well as SARS-CoV PLpro.

The crystal structure of SARS-CoV PLpro has identified a
unique domain that has remarkable similarity to ubiquitin (57).
Frieman and coworkers reported that removal of the Ubl do-
main in the soluble version of PLpro resulted in a loss of IFN
antagonism (16). However, we note that the authors of that
study assessed IFN antagonism using one concentration of
PLpro. In this study, by performing a dose-response profile of
IFN antagonism, we found that deletion of the Ubl domain
from both the soluble and the transmembrane version of
PLpro had no effect on IFN antagonism. Thus, it is critical to
assess the effect of IFN antagonism across a range of protein
concentrations to fully evaluate the activity of these proteases.

Many viruses have been shown to inhibit the transcriptional
activity of IRF-3 in a wide variety of ways (9, 24, 52). Some
viruses inhibit IRF-3 phosphorylation, dimerization, and/or
translocation to the nucleus. Others can induce IRF-3 degra-
dation or sequester the transcription factor (11, 23). The mech-
anism of inhibition that can lead to these phenotypes can occur
directly on IRF-3 or may affect any of the vast array of proteins
upstream of IRF-3 in the type I IFN induction cascade. For
example, the VP35 protein of Ebola Zaire virus (EBOV) has
been shown to impact IRF-3 activity by binding dsRNA, thus
preventing detection by RIG-I (5, 6). In addition, VP35 was
shown to interact with Ubc9 (SUMO E2 enzyme), PIAS1
(SUMO E3 ligase), and IRF-7, leading to SUMOylation of
IRF-7 and transcriptional repression of the IFN-� promoter
(10). Respiratory syncytial virus (RSV) encodes two proteins,
NS1 and NS2, that act individually or cooperatively to inhibit
the activity of IRF-3. It was reported that these proteins reduce
the expression of key kinases involved in IRF-3 phosphoryla-
tion (TRAF3 and I�B kinase epsilon [IKKε]), but how NS1
and NS2 induce TRAF3 and IKKε degradation is still unclear
(64). Coronavirus PLPs could be acting on an as yet unidenti-
fied cellular factor involved in the IFN induction cascade. For
example, in a recent study by Schröder et al., a new protein,
DEAD box protein 3 (DDX3), was found to be involved in the
type I IFN cascade. DDX3 was identified by coimmunopre-
cipitation with an IFN antagonist from vaccinia virus (VACV)
protein K7 (59). Alternatively, it is intriguing to speculate that
coronavirus PLPs may function by sequestering polyubiquitin
complexes or membrane-associated factors, such as STING/
MITA (26, 67, 72). Previously we showed that the block must
be downstream of TBK1 but at or upstream of IRF-3 since a
constitutively active form of IRF-3 is not blocked by PLpro
(13). Further studies are needed to elucidate the mechanism by
which coronavirus PLPs modulate IRF-3 activity.

The multiple enzymatic activities of SARS-CoV PLpro and
HCoV-NL63 PLP2 may all influence the host cell type I IFN
response. The DUB activity of these proteins could modulate
the activity of key players in the signaling cascade that are
known to be activated by lysine-48- or lysine-63-linked poly-
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ubiquitination. Our data suggest that catalytic activity may
contribute to IFN antagonism but ablation of proteolysis does
not abrogate IFN antagonism. Thus, coronavirus PLPs also
possess a catalytic activity-independent mechanism that acts to
inhibit IFN induction. We are currently working to delineate
both the DUB and catalytic activity-independent mechanism
by which coronavirus PLPs inhibit type I IFN induction.

The data presented in this study draw significant parallels
between the single papain-like protease of SARS-CoV PLpro
and the second papain-like protease of HCoV-NL63 PLP2.
Despite modest sequence identity (�19%), these two pro-
teases have similar enzymatic activities and can inhibit type I
IFN induction independently of catalytic activity. Since coro-
navirus PLpro/PLP2 domains are required for viral replication,
they are attractive targets for antiviral therapeutics. Indeed,
inhibitors of SARS-CoV PLpro have been shown to block virus
replication (56). Though less pathogenic than SARS-CoV,
HCoV-NL63 causes significant morbidity in children, the el-
derly, and immune-compromised individuals and has been
shown to be an etiological agent causing croup (65, 66). In
addition, we now recognize that bats and other mammals can
serve as reservoirs for potentially emerging pandemic corona-
viruses (32, 37). Thus, further studies of these multifunctional
coronavirus PLPs are needed to determine if both protease
inhibitors and blockers of interferon antagonism can be devel-
oped to reduce replication and pathogenesis of human and
zoonotic coronaviruses.
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Introduction 

Individual differences in susceptibility to infectious diseases have been 

mapped to numerous disease defining genetic polymorphisms or quantitative 

trait loci (QTL) by forward genetics (1-3). However, such genotype-phenotype 

associations do not provide information on the causal pathways of how disease 

occurs.  Inbred mouse models have been widely utilized for identification of 

susceptibility genes and systems genetics. Recombinant inbred (RI) strains 

contain unique, approximately equal proportions of genetic contributions from 

two progenitor inbred strains. A panel of 78 established BXD RI strains 

derived from C57BL/6J (B6) and DBA/2J (D2) strains have been genotyped 

over 13,377 SNP markers and are available for repeated testing. Combined 

with a web-based analytical tool (GeneNetwork.org) this allows high precision 

Quantitative trait loci (QTL) mapping.  In a previous analysis, we determined 

that a QTL on chromosome 11 containing two polymorphic innate immune 

genes (Irgm3 and Irgb10) in the family of immunity-related GTPases (IRG) 

were responsible for the innate difference in susceptibility to a systemic 

infection to C.psittaci between the B6 and D2 mice (3). Characterization of the 

immunological differences between the B6 and D2 mice revealed significant 

differences in Chlamydia load, inflammatory responses, and cytokine profiles. 

While the IRGs were shown to control Chlamydia load (2), alternative 

immunomodulatory functions of this gene have been implicated (4-5). In our 

model it is unclear whether the various immunological differences are a 

function of pathogen load, immunomodulatory functions or yet unrelated to 

the IRGs.  

We hypothesized that a multiscale analysis of BXD genotype, pathogen load, 

and immune parameters can be combined to define causative immune 

pathways induced by Chlamydia psittaci infection.  
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Methods 

1. Infection and sample collection. 

Chlamydia infection: 8-10 week old male mice (C57BL/6J, DBA/2J, and 57 

BXD strains) were infected in groups of 2-5/strain for a total of 372 mice. C. 

psittaci 6BC strains were propagated in L cells, titrated and stored at -80C°. 

Intraperitoneal infection with C.psittaci 6BC (10
4
 IFU) was performed using 

the same stock source to minimize variations across experiments. 

Monitoring and sample collection: Infected mice were monitored daily for 

weight changes. On day 6-post infection, mice were euthanized to obtain 

peritoneal lavage samples for pathogen load, flow cytometry, and cytokine 

analysis. 

 

2. Assessment of immune phenotypes.  

Chlamydia load: Titration was performed by a cell culture based IFU assay.  

Flow cytometry: Standard methods were used. Briefly, murine peritoneal 

exudates were blocked with Fc block and incubated with fluorochrome-

conjugated Abs. The following Abs was used: (Macrophage) F4/80-APC, 

(Neutrophil) Ly6G-PE, (Class II) IA/AE-Alexa488, (Myeloid) and CD11b-

PE-Cy7. Data was expressed as percent of macrophages or neutrophils in the 

CD11b expressing myeloid cells. Class II expression was used as a marker for 

macrophage activation status and data was expressed as percent of F4/80 

expression cells that also expressed class II.  

Cytokine analysis: Peritoneal lavage supernatants were stored in -80°C till 

assessment.  We used the Mouse 32-plex kit to analyze levels of 32 cytokines. 

 

3. Data analysis. 

QTL analysis: We used interval mapping method available on the 

GeneNetwork.org interface to identify genetic loci regulating 

infection/immune phenotypes. Interval Mapping is a statistical test of 

association between trait values and the genotypes of marker loci through the 

genome. A significant association is interpreted as indicating the presence of a 

QTL linked to the marker that shows the association.  

Correlation analysis: The correlation analysis was performed using Pearson 

and Spearman correlations and a network graph was drawn using a built in 

function in the GeneNetwork. This function enables graphical association 

among large groups of phenotypes.  
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Results 

1. Immune phenotype data

Mice exhibited a range of disease manifestation ranging from 30 % weight 

reduction to 10 % weight increase in 6 days. Chlamydia load ranged from 4 to 

6.5 log IFU/mouse. Neutrophils ranged 2-40% of the myeloid population. Of 

the macrophage population 2-80% expressed Class II. A measurable 

difference was observed in at 22 of the 32 cytokines examined. 

2. QTL analysis

The majority of the variability observed in weight change, macrophage 

activation status, Chlamydia load, and neutrophil recruitment was attributed to 

the previously reported chromosome 11 locus.  While many other traits were 

influenced by the chromosome 11 locus, subset of chemokines were controlled 

by a combination of minor QTLs on chromosomes 4, 5, 9, and 16 whereas 

IFNγ, TNFα, IL10 levels were under the primary control of a QTL on 

chromosome 8 (Table). 

3. Correlation analysis

The strongest positive correlation with the disease phenotype (weight) was 

found with macrophage activation status, rather than Chlamydia load (Table). 

The macrophage activation status itself had a strong negative correlation with 

Chlamydia load as well as percentage of neutrophils in the inflammatory cell 

population. The level of cytokines such as IFNγ and TNFα were not associated 

with the weight changes observed in this model.  

In order to determine whether the phenotype was a direct consequence of the 

pathogen burden we examined the correlation of pathogen load with weights 

of individual mice according to the genotype at chromosome 11 encoding the 

IRGs. Results demonstrated that mice that have the B6 genotype at the locus 

are tolerant to increases in the pathogen load. Also, there was a significant 

overlap in the pathogen load between two genotypes. These findings suggest 

the IRGs encoded in chromosome 11 locus affect disease outcome by a 

mechanism of tolerance (ability to withstand increasing pathogen burden) 

rather than resistance (ability to restrict pathogen load).  

Discussion 

Results indicate the involvement of multiple QTL in determining the immune 

phenotypes associated with a systemic Chlamydia psittaci infection. A 

systems approach utilized in this study allows us to infer immune responses 

and its hierarchy that contribute to disease process. Specifically, the disease 

status controlled by the chromosome 11, which is most likely the IRGs, 
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appeared to be a function of the macrophage activation status rather than direct 

Chlamydia load. In this model the macrophage activation status influences 

Chlamydia load as well as the inflammatory cell population.  While, this will 

require further validation, this likely represents the multiple functions of the 

IRG. Cytokine levels that intuitively would be associated with disease severity 

such as IFNγ and TNFα were found to fluctuate independent of disease status 

and were controlled by other genetic loci. Candidate genes on the chromosome 

8 interval are currently under investigation. 

 

Table: QTL mapping results and Pearson correlation coefficient. 

Phenotype 

QTL 

(Chromosome) Macro Neutro Weight Chlamydia TNFa Mip2 IFNg 

Mac activation status Chr11 1        

Neutrophils Chr11 -0.726 1       

Weight Chr11 0.738 -0.673 1      

Chlamydia load Chr11, 5 -0.736 0.556 -0.69 1     

TNFa Chr 8, 11 -0.307 0.404 -0.25 0.374 1    

Mip2 

Chr 4, 5, 9, 11, 

16 -0.531 0.282 -0.354 0.269 0.149 1   

IFNg Chr 1, 8 -0.261 0.356 -0.246 0.242 0.712 0.106 1 

High positive correlations 0.7 to 1, Moderate positive correlation 0.5 to 0.7, High negative correlation  

–0.7 to -1.0, Moderate negative correlation –0.5 to –0.7. 
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Background
Understanding the causal pathways that link genotypes
with gene expression and higher order phenotypes, such
as disease susceptibility, has been a recent goal of sys-
tems genetic studies. Pairwise correlations can select
genes and phenotypes that are associated with a com-
mon genetic locus; however, the directions of these links
are more difficult to determine. We propose a method
in which Bayesian networks are used to establish causal
pathways from genotype to gene expression to pheno-
type and apply it to mice infected with Chlamydia
psittaci.

Results
Recombinant inbred BXD mice strains have been pre-
viously used to study the genetic differences that cause
a much greater resistance to Chlamydia psittaci infec-
tion in C57BL/6J mice compared with DBA/2J mice [1].

Gene expression levels and higher order phenotypes,
such as pathogen load and survival, were collected for
44 BXD strains. Directed graphs linking SNPs [2] in the
BXD genomes to this data were created with QTL map-
ping and the Bayesian network method. Figure 1 shows
a selection of the resulting causal pathways; many of the
genes in these pathways are known to be associated
with immune response or GTPase activity, which has
been linked to Chlamydia psittaci infection [1].
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Figure 1 Causal pathways linking genotype SNPs to gene expression levels to phenotypes in BXD mice infected with Chlamydia psittaci
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Background
The DBA/2J mouse is not only the oldest inbred strain,
but also one of the most widely used strains. DBA/2J
exhibits many unique anatomical, physiological, and
behavior traits. In addition, DBA/2J is one parent of the
large BXD family of recombinant inbred strains [1]. The
genome of the other parent of this BXD family—
C57BL/6J—has been sequenced and serves as the
mouse reference genome [2]. We sequenced the gen-
ome of DBA/2J using SOLiD and Illumina high
throughput short read protocols to generate a compre-
hensive set of ~5 million sequence variants segregating
in the BXD family that ultimately cause developmental,
anatomical, functional and behavioral differences among
these 80+ strains.

Results
We generated approximately 13.2 and 38.9× whole-gen-
ome short reads of DBA/2J females using Illumina GA2
and ABI SOLiD massively parallel DNA sequencing
platforms. Comparing to the C57BL/6J reference gen-
ome sequence, we identified over 4.5 million single
nucleotide polymorphisms (SNPs), including 84 non-
sense and ~11,000 missense mutations, 78% of which
are novel. We also detected ~568,000 insertions and
deletions (indels) within single short reads and ~9,400
between mate-paired reads. Approximately 300 inver-
sions were detected by SOLiD mate-pair reads, 46 of
which span at least one exon. In addition, we identified
~22,000 copy number variants (CNVs) in the range of
1 Kb to 100 Kb (Figure 1).

Conclusion
Our study generates the first consensus sequence for the
DBA/2J and creates a compendium of sequence and
structural variations that will be used by the community
of researchers who study complex traits in mouse mod-
els. The sequence data provide a novel resource with
which to initiate reverse genetic analysis of complex

* Correspondence: rwilliam@nb.uthsc.edu
1University of Tennessee Health Science Center, Memphis, TN 38163, USA

Figure 1 Concentric circles represent the sequence and
structural variation across mouse chromosomes. Moving inward
from the outer circle, circle 1 denotes each chromosome. Circle 2,
read depth with 100kb window. Circle 3, SNP density with 100kb
windows (black is lowest density and orange is highest density).
Circle 4, Indels density with 100kb window. Circle 4, Inversion. Circle
5, CNVs, blue (outward) denotes loss of CNVs and green (inward)
denotes gains of CNVs.
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traits, particularly by exploiting strong alleles (premature
stop codons, frame-shift mutations, and deletion) that
differentially affect members of the BXD strain family.
The DBA/2J genome is also an essential prerequisite to
unbiased alignment of RNA-seq and ChIP-seq data gen-
erated using BXD strains and any other cross involving
these two common parental strains.
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Abstract

Systems genetics studies often involve the mapping of numerous regulatory relations between genetic loci and expression
traits. These regulatory relations form a bipartite network consisting of genetic loci and expression phenotypes. Modular
network organizations may arise from the pleiotropic and polygenic regulation of gene expression. Here we analyzed the
expression QTL (eQTL) networks derived from expression genetic data of yeast and mouse liver and found 65 and 98
modules respectively. Computer simulation result showed that such modules rarely occurred in randomized networks with
the same number of nodes and edges and same degree distribution. We also found significant within-module functional
coherence. The analysis of genetic overlaps and the evidences from biomedical literature have linked some eQTL modules
to physiological phenotypes. Functional coherence within the eQTL modules and genetic overlaps between the modules
and physiological phenotypes suggests that eQTL modules may act as functional units underlying the higher-order
phenotypes.
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Introduction

Recent advances in the integration of quantitative genetics and

expression genomics have provided a global view of gene

expression traits and their implications in high-order phenotype

variations [1,2,3,4,5,6,7,8]. The Genetical Genomics [9] ap-

proach systematically associates gene expression traits with

regulatory genomic regions called expression quantitative trait

loci (eQTLs) [10]. Typically, this high-throughput approach

identifies a large set of regulatory relations between genetic

markers and expression traits, which compose bipartite networks

that consist of two types of nodes, representing expression traits

and eQTLs respectively.

A module is usually defined as a subset of components in a

network that interact with each other and act in concert to

regulate biological processes, while maintaining relative indepen-

dence from other components in the network. Studies on the

architecture of biological networks, including protein-protein

interaction networks, metabolic networks, and transcriptional

regulatory networks [11,12,13] have revealed that modularity is

a common organizational principle of these networks. In a

previous work we discovered transcription modules and their

associations with higher-order phenotypes [14]. Recently a

Bayesian method for eQTL network partition was developed by

Zhang et al. [15]. The application of their method to a yeast

eQTL network identified 20 modules with one eQTL and 9

modules with two eQTLs [15].

In this work we define eQTL module as a set of highly

connected nodes with at least two eQTLs in different chromo-

somes. We analyzed the eQTL networks constructed from a yeast

dataset and a mouse liver dataset and found 65 and 98 modules

respectively. We also studied the associations between the eQTL

modules and higher-order phenotypes. Genes in many eQTL

modules showed significant functional coherence. Fifty yeast

morphologic phenotypes were mapped to genetic loci that

overlapped with the eQTLs in 19 modules. We identified an

eQTL module sharing genetic components with a mouse obesity

phenotype — the gonadal fat mass (GFM), and evidences from

previous studies strongly support the functional relevance between

the module genes and obesity. The analysis of eQTL modules may

provide important insights into the functional components

underlying complex phenotypes.

Results

Formulation of the Module Detection Problem and
Simulation Results

We exploited a network approach to systematically analyze

large numbers of modulatory relations between genetic loci and

gene expression traits. A module in an eQTL network is defined as

a set of highly connected nodes — eQTLs and genes whose

expression levels are regulated by some or all of the eQTLs. Only

eQTLs located on different chromosomes are allowed to be

included in a module to avoid trivial results caused by the linkage
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between markers. A conceptual representation of eQTL module is

shown in Figure 1. Module detection in an eQTL network can be

formulated as an optimization problem: searching for a set of m+n

nodes that maximizes the objective function Q(m, n, k) = k/(m6n),

where m is the number of eQTLs, n is the number of target genes

and k is the number of edges between them. In this bipartite

network, genes can be connected to QTLs, but there is no edge

between genes and between QTLs. The maximum number of

edges between n genes and m QTLs is m6n, therefore Q is a value

between zero and one. The objective function Q(m, n, k) is a

measurement of the connection density of a module. For a set of

completely connected nodes, Q = 1; for a set of unconnected

nodes, Q = 0. In this work, a module must have a Q value of 0.66

or above. Intuitively, this density criterion requires that on average

each gene node are connected to about 2/3 or more of the QTL

nodes and vice versa. Besides this density criterion, a module must

also be statistically significant, which means the module should be

highly unlikely to arise by chance in a randomized network with

the same numbers of nodes and edges and the same degree

distribution. The details of the module detection method are

described in Materials and Methods.

A simulation study was performed to assess the performance of

the module detection method. We generated random bipartite

networks with prescribed modules and used normalized mutual

information (NMI) [16] to evaluate the consistency between the

prescribed modules and the modules identified by the search

method. NMI is a robust performance indictor based on the

confusion matrix [16]. The rows of the confusion matrix

correspond to the prescribed modules, and the columns corre-

spond to the identified modules. The confusion matrix contains

the number of overlapped nodes between the prescribed modules

and the identified module. If the identified modules completely

match the prescribed modules, NMI takes the maximum value of

1.0; if the identified modules are unrelated to the simulated

module, NMI becomes 0. The simulated eQTL networks

consisted of 1200–1500 nodes and 3000–3500 edges, and

contained 10 modules with 2–3 eQTL nodes and 20–150 gene

nodes (typical sizes of the modules found in this work). Five

independent simulation runs were performed with each of the

following module homogeneity values: 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,

0.8 and 0.9 (Figure 2). We then used our module detection

algorithm to identify modules in the simulated networks. The

details of the simulation procedure are described in Materials and

Methods. The module homogeneity (p) controls the formation of

the modular structures of the simulated network. For p = 1, the

simulated network has a clear-cut modular structure. For p = 0, the

prescribed modules become random partitions of the simulated

network and therefore the network has no modular structure at all.

The module detection algorithm is expected to be able to identify

the prescribed modules correctly when p is high, while no module

can be identified by any algorithm when p is too low. Our module

detection method performed reasonably well with a NMI value

above 0.8 when the module homogeneity was higher than 0.6, and

the NMI value was very close to its maximum value of 1.0 when

the module homogeneity is higher than 0.9. The NMI dropped

quickly when the module homogeneity was below 0.5. This is

because the modular structure became much fuzzier with such low

module homogeneity values. For example, at a module homoge-

neity value of 0.5, on average only half of the edges connected to

the nodes of a module come from members of the same module

and the other half of the connections are randomly connected to

nodes outside the module.

Expression QTL Network and Modules
The yeast eQTL network is a connected graph of 493 eQTL

nodes, 4583 gene nodes, and 33,584 edges. The median degrees

for the eQTL nodes and gene nodes are 25 and 7 respectively. In

the yeast network, we identified 65 modules (Table S1). The

number of eQTLs in each module ranges from 2 to 3, and the

number of target genes ranges from 4 to 276. These modules

contain 1756 unique genes, covering 38.3% of the genes in the

yeast eQTL network. Three identified modules and their

neighboring gene nodes in the yeast eQTL network are displayed

in Figure 3. The mouse liver eQTL network is a connected graph

of 408 eQTL nodes, 4086 gene nodes, and 11,458 edges. The

median degrees for the eQTL nodes and gene nodes are 15 and 2

respectively. In the mouse liver network, we identified 98 modules

(Table S2). The number of eQTLs in each module ranges from 2

to 4, and the number of target genes ranges from 4 to 84. These

modules contain 989 unique genes, covering 24.2% of the genes in

the mouse eQTL network. The size distributions of the yeast and

mouse modules are shown in Figure 4. We found that these

modules were highly unlikely to occur simply by chance in

randomly rewired networks with the same number of nodes and

edges and same degree distribution (P-value ,1024). Therefore

statistically significant modular structures exist in these eQTL

networks. The modular structures of genotype-phenotype map has

also been observed in some classical multiple-trait association

studies [17,18].

Functional coherence of module genes
We used the Ontologizer software [19] to assess the enrichment

of GO terms in each module. Ontologizer uses Parent-Child

Analysis, which takes the structure of the GO hierarchy and

parent-child relations into consideration when it performs the

enrichment analysis. The Westfall-Young-Single-Step method [20]

was used for multiple testing correction. A total of 42 yeast

modules and 21 mouse modules were associated with at least one

GO term at the significance level of P,0.05 (Tables S3 and S4).

Some modules were associated with common GO terms. For

example, yeast module 63 and 64 were associated with 8

common GO terms (e.g. organelle lumen, ribosome biogenesis

and assembly), and yeast module 45 and 61 were associated with

25 common GO terms (Table S3). They were identified as

separate modules in the eQTL network, however there might be

moderate but genuine links connecting them. These links are the

weaker associations between gene expression traits of one module

and eQTLs of another module, which did not pass the

significance test used in eQTL mapping. We added the moderate

links (with P-values ,0.01 but $0.001) to the yeast eQTL

Figure 1. A conceptual representation of eQTL module. This
module contains two eQTLs and three genes. The Q value of this
module is 5/6.
doi:10.1371/journal.pone.0014313.g001
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network to test if the distribution of the moderate links would

suggest potential relations between the modules. We randomly

rewired the moderate links in the eQTL network and counted the

number of moderate links that connected each pair of modules.

For each pair of modules, the maximum number of moderate

links from 1000 such randomly rewired networks was compared

to the number of moderate links bridging the two modules in the

original network. We then sorted the module pairs by the ratio of

these two numbers (original vs. rewired maximum) in a

descending order. The top 20 (1%) yeast module pairs are listed

in Table S5. Among the 2080 possible yeast module pairs,

modules 45 and 61 ranked 18th with a ratio of 4.6, and modules

63 and 64 ranked 19th with a ratio of 4.5. There were many more

(4.6 and 4.5 fold respectively) moderate links bridging these

module pairs in the original eQTL network than that expected by

chance in the randomly rewired networks. Other top ranked

Figure 2. The performance of module detection algorithm as a function of module homogeneity. The error bars mark the interval of
minus and plus one standard deviation.
doi:10.1371/journal.pone.0014313.g002

Figure 3. Three modules in the yeast eQTL network. The ellipses represents eQTLs, squares represent genes. White squares represent genes
that do not belong to the three modules. Green: Module 48; Yellow: Module 64; Red: Module 55.
doi:10.1371/journal.pone.0014313.g003
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module pairs that share common GO terms include: Module 46

and 64, Module 26 and 64, and Module 55 and 60. The non-

random distribution of the moderate links may help us to identify

modules that are more likely being functionally related.

Linking eQTL modules to physiological phenotypes
One major goal of systems genetics is to identify gene expression

modules underlying higher-order phenotypes. Recently, Nogami

et al. [21] measured more than 500 yeast morphologic phenotypes

and mapped 7 significant QTLs (false discovery rate

[FDR] = 0.05) (Table 2 and Table S4 of [21]). We assessed the

genetic overlap between these 7 morphologic QTLs and the yeast

eQTL modules we identified. We found that QTLs on three

chromosomes were shared by morphologic phenotypes and the

modules (Table 1). The morphologic phenotypes can be classified

into six categories, each representing an aspect of cellular

morphology (Table 2 of [21]). Phenotypes of same category were

usually mapped to QTLs on same chromosome. But there was a

surprising exception where the phenotypes concerning DNA

region size, position, and shape were mapped to two unlinked loci

on Chromosome 14 and 15, respectively [21]. The eQTL module

analysis may provide a possible explanation to the exception. The

modules with eQTLs on Chromosome 14 and 15 were associated

with different GO terms. Three modules (28, 45, and 61) with

eQTLs on Chromosome 14 were associated with protein

metabolism while three modules (7, 9, and 51) with the QTLs

on Chromosome 15 were associated with mitochondrial oxidative

phosphorylation and energy generation. This indicates different

molecular pathways may underlie the phenotypes mapped to

chromosome 14 and those mapped to chromosome 15 though

they all belong to same category.

We also analyzed the physiological relevance of the mouse liver

eQTL modules. The obesity phenotype gonadal fat mass (GFM)

was genetically dissected, and five ‘‘clinical’’ QTLs (cQTLs)

regulating this phenotype were mapped in a previous study (Table

2 of [22]). We analyzed the overlaps between the module QTLs

and these five cQTLs. Three modules (50, 74, and 84) had eQTLs

that overlapped with a cQTL on chromosome 19. Module 74 was

of particular interest because it had another eQTL located near a

cQTL on chromosome 5. The distance between the two QTL

markers is about 20 Mb. This module contains three eQTLs and

21 genes, seven of which were uncharacterized expressed sequence

tags (ESTs) (Figure 5). There is literature evidence for seven of the

module genes (i.e. 50% of the genes in this module with known

functions) being related to obesity. Lcat (lecithin cholesterol

acyltransferase) is involved in lipid metabolism which affects the

GFM trait [23]. Other module genes related to lipid metabolism

and obesity include Anxa5 (annexin A5) [24], Ccna2 (cyclin A2)

[25], Ces5 (carboxylesterase 5) [26], Cyp2c38 (cytochrome P450,

family 2, subfamily c, polypeptide 38) [27], Setd8 (SET domain

containing 8) [28], and Slc16a11 (monocarboxylic acid transport-

ers, member 11) [29]. Thus, literature evidence supports the

association between GFM trait and the eQTL module.

Discussion

In this work we exploited a network approach to systematically

analyze large numbers of modulatory relations between genetic

Figure 4. The size distributions of the yeast and mouse modules.
doi:10.1371/journal.pone.0014313.g004
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loci and gene expression traits. Like many other biological

networks eQTL networks have evolved functional modules. Such

modular structures may confer selective advantage by allowing the

optimization of gene expression within each module and therefore

minimizing the impact of genetic variants outside the module.

Recently Zhang et al. [15] used a Bayesian partition method to

identify eQTL modules from the same yeast dataset used in this

work. They identified 20 yeast modules with one eQTL and 9

modules with two eQTLs. In this work we are interested in

detecting eQTL modules with complex genetic architectures.

Therefore we focused on modules with at least two QTLs in

different chromosomes, and identified 21 yeast modules with two

eQTLs and 44 yeast modules with three eQTLs. The Bayesian

partition method [15] essentially performs eQTL mapping and

module identification simultaneously. Our module detection

method takes the eQTL mapping results as the input and can

be used with any eQTL mapping method; therefore it provides the

flexibility to reanalyze the eQTL network when new algorithms

for eQTL mapping become available.

Epistasis is a higher-order genetic interaction that go beyond the

pair-wise regulatory relations between a QTL and a trait. To test

the epistatic effects within the eQTL modules, we employed a

regression based model selection approach to find the best eQTL

model for each module gene. The expression values of each

Table 1. Genetic overlap of yeast eQTL modules and morphologic phenotypes.

Phenotype category QTL (bp) Module ID

DNA region size, position and shape chr14:440000-460000 21, 28, 50, 59, 61, 62, 63

chr14: 480000-500000 24, 52, 58

chr14: 500000-520000 13, 45

DNA region size, position and shape chr15: 520000-540000 9

chr15: 540000-560000 7, 21, 51

Mother cell size and shape chr8: 60000-80000 56, 58

chr8: 80000-100000 27, 37

chr8: 100000-120000 43

doi:10.1371/journal.pone.0014313.t001

Figure 5. Genetic overlaps between Mouse gonadal fat mass (GFM) trait and module 74. Red ellipses represent QTLs, yellow squares
represent genes and the blue square represents the GFM trait.
doi:10.1371/journal.pone.0014313.g005
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module gene were regressed on the genotypes of the module

eQTLs with or without interaction terms. Including interaction

terms in an eQTL model may improve the model fit but also

increases the model complexity. We used the standard Akaike

Information Criterion to select the eQTL model with the best

tradeoff between goodness-of-fit and model complexity [30]. Then

for each module, we computed the proportion of module genes

that could be best modeled by including the epistatic interactions.

We found that this proportion ranged from 0% to 59% in the yeast

modules with a median of 19%. Only four modules do not include

epistatic QTLs. These results have revealed the genetic complexity

of the eQTL modules.

We compared the eQTL modules of the two organisms and

found that 21 (32.3%) and 44 (67.7%) yeast modules have two and

three eQTLs respectively, while 12 (12.2%) and 85 (86.7%) mouse

modules have two and three eQTLs respectively, and one mouse

module has four eQTLs. The median module gene numbers for

the yeast and the mouse modules are 27 and 14 respectively. The

higher percentage of mouse modules with three eQTLs and the

lower number of genes in mouse modules (Fig. 4) indicates that the

regulation of gene expression in mouse is more genetically

complex than that in yeast.

Materials and Methods

Construction of eQTL networks
We used two data sets, a yeast dataset [31,32] and a mouse liver

dataset [22], to construct the eQTL networks. The yeast data set

contained genotype data of 2957 markers and gene expression

data of 6216 open reading frames in 112 F1 segregants that were

generated by crossing the BY4716 strain with the RM11-1a strain.

Linkage analysis was performed using the Wilcoxon test, and

statistical significance was estimated by permutations [31].

Significant linkage results with P-values ,0.001 were used to

construct the eQTL network. We divided the yeast genome into

bins of 20 Kb and mapped QTLs onto them. In an eQTL

network, two types of nodes were used to represent eQTLs and

gene expression traits respectively, and edges represent the

modulatory relations between the QTLs and gene expression

traits. Gene expression traits mapped to only one eQTL were not

included in the network because such nodes would not belong to

any module.

The mouse liver data set contained expression data of 23,574

mouse transcripts in the livers of 334 F2 mice generated by

crossing the C57BL/6J ApoE–/– strain with the C3H/HeJ

ApoE–/– strain [22]. Using this data set, Wang et al. [22] mapped

suggestive and significant eQTLs (Table S1 of [22]). Again, we

used P,0.001 as the cutoff value to construct the eQTL network.

We divided the mouse genome into bins of 5 Mb and mapped

QTLs onto them. The QTLs modulating the GFM trait of these

mice were also mapped by Wang et al. (Table 2 of [22]).

Module detection
We employed a two-step search algorithm: in the first step we

tried to find as many seed modules as possible and in the second

step we merged overlapping seed modules. We searched for seed

modules within a range of m (the number of eQTL nodes) from 2

to 6 and n (the number of gene nodes) from 4 to 14. For each

combination of m and n, we started with a randomly picked,

connected set of m eQTL nodes and n gene nodes. In each

following step, one node in the current set was randomly selected

and an attempt was made to replace it with a randomly picked

node that does not belong to the current set but is connected to the

current set by one or more edges. At the end of every 25 steps, one

node in the current set was replaced with a node that had no

connection to the current set to avoid getting stuck in local

maxima. Changes were accepted or rejected according to the

Metropolis criteria [33,34], i.e. a move was accepted with a

probability of the smaller of 1.0 or exp Qnew{Qoldð Þ|10½ � where

Qnew and Qold were the new and old Q values. The optimization

continued until Q = 1 or 500 moves had been made. One thousand

such searches with different random starts were performed and all

identified seed modules (i.e., sets of connected node with a Q

$0.66 and a P-value ,1024) were recorded. These seed modules

were then merged iteratively. Each time two overlapping seed

modules were merged if and only if the resulting module still had a

Q $0.66 and a P-value ,1024. This process continued until no

further merging was possible. The P-values for modules of

different sizes (i.e. each combination of m and n) were estimated

by random rewiring. One thousand networks were generated by

randomly rewiring the edges of the original eQTL network, while

keeping the edge degree of each node unchanged. The rewiring

scheme is adopted from [35]. Two edges (A–B and C–D) are

randomly selected and then rewired such that the new edges are

A–D and B–C, provided neither of these new edges exists in the

current network. This rewiring scheme is equivalent to randomly

switching pairs of 0 and 1 in the rows of the adjacency matrix

while keeping the raw and column margins unchanged. We then

applied the module detection algorithm to these randomized

networks to estimate the statistical significance of the Q value for

each combination of m and n. One thousand independent searches

with different random starts were performed for each randomized

network.

Simulation
In order to access the performance of our model detection

algorithm, we generated random networks with prescribed

modular structure and then used our method to identify the

predefined modules. We adopted the module simulation method

for bipartite network as described in [36] with minor changes to

accommodate the module density criterion (Q value) used in this

work. We first predefined the module membership for all the

eQTL and gene nodes being considered. We also predefined Ni,

the number of gene nodes within the i-th module. For each eQTL

node, we connected it to Ni gene nodes: with probability p, a gene

node randomly selected from the same module was connected to

the eQTL; otherwise a gene node randomly selected from the

whole gene node set was connected to the eQTL. The parameter p

controls the degree of homogeneity of a module and hence is

called module homogeneity. If a module generated this way did

not satisfy our module density criterion (Q$0.66), we extracted a

subset of nodes from the module that met this criterion as the final

module. The normalized mutual information (NMI) was used to

assess the performance of the search algorithm. Given a confusion

matrix in which rows are prescribed modules and columns are

detected modules, NMI is defined as

{2
P
M1

P
M2

Nij|log
Nij|N

Ni:|N:j

� �

P
M1

Ni:|log
Ni:

N

� �
z
P
M2

N:j|log
N:j

N

� � ,

where Nij is an element of the confusion matrix specifying the

number of overlapped nodes between the i-th prescribed module

and the j-th detected module. Ni. and N.j are the row means and

column means respectively, and M1 and M2 are the number of

prescribed and detected modules [16].
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Abstract

Background: A number of studies have revealed that Francisella tularensis (FT) suppresses innate immune
responses such as chemokine/cytokine production and neutrophil recruitment in the lungs following pulmonary
infection via an unidentified mechanism. The ability of FT to evade early innate immune responses could be a very
important virulence mechanism for this highly infectious bacterial pathogen.

Results: Here we describe the characterization of a galU mutant strain of FT live vaccine strain (LVS). We show that
the galU mutant was highly attenuated in a murine model of tularemia and elicited more robust innate immune
responses than the wild-type (WT) strain. These studies document that the kinetics of chemokine expression and
neutrophil recruitment into the lungs of mice challenged with the galU mutant strain are significantly more rapid
than observed with WT FT, despite the fact that there were no observed differences in TLR2 or TLR4 signaling or
replication/dissemination kinetics during the early stages of infection. We also show that the galU mutant had a
hypercytotoxic phenotype and more rapidly induced the production of IL-1b following infection either in vitro or in
vivo, indicating that attenuation of the galU mutant strain may be due (in part) to more rapid activation of the
inflammasome and/or earlier death of FT infected cells. Furthermore, we show that infection of mice with the galU
mutant strain elicits protective immunity to subsequent challenge with WT FT.

Conclusions: Disruption of the galU gene of FTLVS has little (if any) effect on in vivo infectivity, replication, or
dissemination characteristics, but is highly attenuating for virulence. The attenuated phenotype of this mutant
strain of FT appears to be related to its increased ability to induce innate inflammatory responsiveness, resulting in
more rapid recruitment of neutrophils to the lungs following pneumonic infection, and/or to its ability to kill
infected cells in an accelerated fashion. These results have identified two potentially important virulence
mechanisms used by FT. These findings could also have implications for design of a live attenuated vaccine strain
of FT because sublethal infection of mice with the galU mutant strain of FTLVS promoted development of
protective immunity to WT FTLVS.

Background
Francisella tularensis (FT) is a gram-negative intracellu-
lar bacterium that is the causal agent of tularemia. The
Francisellaceae family of bacteria has a single genus,
Francisella, which has been divided into two species: 1)
Francisella philomiragia (a muskrat pathogen) and 2)

Francisella tularensis. Francisella tularensis is further
subdivided into four subspecies: tularensis (type A),
holarctica (type B), novicida, and mediasiatica [1]. Of
these, only subsp. tularensis and subsp. holarctica cause
disease in humans [2]. FT tularensis is considered a
prime candidate for use as a biological weapon because it
is relatively easy to propagate and disseminate via aeroso-
lization and because of the high morbidity and mortality
associated with aerosol infection (LD50<10 CFU) [3,4].
The live vaccine strain (FT LVS), which was derived from
FT holarctica, is only moderately virulent in humans [5]
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and retains virulence in mice. Because LVS causes an
infection in mice that is similar to the human form of
disease, the murine FT LVS infection model serves as an
appropriate animal model of human tularemic disease
[6-8].
FT is well adapted for growth and survival within host

macrophages, as evidenced by its ability to inhibit phago-
some/lysosome fusion and the respiratory burst, and to
escape from the phagosome and replicate within the
macrophage cytoplasm [9-11]. Moreover, it has been
reported that the virulence of FT depends on its ability to
escape into the host cytoplasm [10,12,13]. However, like
many other successful pathogens, the key to the patho-
genesis of FT may be in its ability to overcome, evade,
and/or suppress innate host immune responses. For
instance, FT is known to be relatively resistant to cationic
antimicrobial peptides (CAMPs), which may in part be
responsible for its ability to overcome host innate immu-
nity [14,15]. In fact, it has been shown that FT mutant
strains that are CAMP-sensitive are attenuated for viru-
lence in mice [16,17]. FT is also able to evade (in part)
innate immune detection because its lipopolysaccharide
(LPS) has unusual modifications that render it immuno-
logically inert and unable to stimulate TLR4 [17-19].
Indeed, FT novicida mutants that lacked these modifica-
tions and produced TLR4-stimulating LPS were able to
induce stronger proinflammatory cytokine production
and host innate responses resulting in rapid clearance
and an attenuated phenotype in mice [17,20]. FT also
appears to actively suppress acute inflammatory
responses at early times after infection in lungs by a
mechanism that has not yet been defined [21]. Following
pulmonary infection of mice with FT, there is an initial
lag in recruitment of neutrophils as well as a minimal
proinflammatory cytokine response in the first 24-48
hours following infection with FT [22,23]. This quiescent
period is typically followed by a massive neutrophil influx
and profound upregulation of cytokine production that
appears to contribute to FT pathogenesis [15,24,25]. The
ability of WT FT to delay recruitment of neutrophils
appears to be a critical virulence mechanism because FT
mutants that fail to delay influx of neutrophils are rapidly
cleared from the host and are attenuated for virulence
[17,20]. Additionally, pretreatment of mice with rIL-12
resulted in early neutrophil recruitment to lungs and
rapid immune clearance following infection with WT FT
[26]. These data suggest that the kinetics, rather than the
magnitude, of neutrophil recruitment at the site of infec-
tion are important for resolution of FT infection.
The efficacy of innate immune responses is largely

dependent on interactions between host pattern recogni-
tion receptors with cell envelope components of the invad-
ing pathogen. Because WT FT appears to utilize undefined
mechanism(s) to modulate innate immune signaling

events to gain a survival advantage in mammalian hosts,
we postulated that mutations that altered the cell envelope
structure of FT would attenuate the virulence of the bac-
terium. In this report we have tested the hypothesis that
galU is required for FT pathogenesis. The galU gene
(FTL_1357) encodes for the production of UTP-glucose-
1-phosphate uridyl transferase (or alternatively UDP-
glucose pyrophosphorylase), an enzyme that catalyzes the
formation of UDP-glucose from glucose-1-phosphate and
UTP and is known to have a key role in biosynthesis of
cell-envelope-associated carbohydrates (e.g. LPS and cap-
sule) in a variety of bacteria [27-32]. The findings reported
here revealed that disruption of the FT galU gene was
highly attenuating in vivo, and that the reduction in viru-
lence correlated with changes in the kinetics of chemokine
production and neutrophil recruitment into the lungs
following pulmonary infection. The galU mutant strain
induced more rapid production of IL-1b in vivo and
in vitro and it displayed a hypercytotoxic phenotype. We
also found that mice that survived infection with the FT
galU mutant strain developed protective immunity to sub-
sequent challenge with WT FT.

Results
Effect of galU mutation on growth and intracellular
survival of FT in vitro
The galU gene is highly conserved among the three
major subspecies of FT (100% identity between galU
genes of SchuS4 and LVS, 98.5% identity shared between
FT novicida and LVS). In gram-negative bacteria, galU is
typically part of an operon that is involved in galactose
utilization and in the production of various exopolysac-
charides [27,30,31]. The galU mutant strain characterized
here was isolated from a random transposon library of
FT LVS and was isolated as a polymyxin B hypersensitive
strain (Figure 1A). The increased sensitivity of this galU
mutant strain to cationic antimicrobials does not appear
to be due to generalized outer envelope disintegrity
because the mutant bacterium does not exhibit hypersen-
sitivity to deoxycholate (an anionic bile acid) (Figure 1A)
or the antibiotics chloramphenicol or tetracycline (data
not shown).
The galU gene product is also known to be involved (but

not required) in the catabolism of glucose and is required
for the catabolism of galactose in bacteria and yeast
[31,33,34]. Therefore, we predicted that the galU mutant
strain would display a mild growth defect in minimal med-
ium containing glucose as a sole sugar source, and would
have a more marked growth defect when cultured in med-
ium containing galactose as a sole source of sugar. To
determine whether the galU mutant had a galactose utili-
zation phenotype, we characterized its growth in Mueller-
Hinton broth (MHB) supplemented with either glucose or
galactose as a sole sugar source (it is important to note
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that our standard medium for culture of FT is MHB sup-
plemented with 0.1% glucose as the sole source of sugar).
As predicted, the galU mutant strain of FT displayed a
mild growth defect in MHB supplemented with glucose
and a severe growth defect in MHB supplemented with
galactose. Complementation of the galU mutation restored
WT growth kinetics in MHB supplemented with either
glucose or galactose (Figure 1B).
To determine if mutation of the galU gene resulted in

an intracellular growth defect, we evaluated the ability
of the WT and galU mutant strains of FT to grow
within murine macrophage-like cells in vitro. The repli-
cation kinetics of the galU mutant within J774 or RAW

264.7 cells were indistinguishable from those of the WT
strain (Figure 1C), indicating that mutation of the galU
gene had no effect on uptake or intracellular survival/
replication of the bacterium.

Virulence of the galU mutant in vivo
To determine whether the galU gene is important for FT
virulence, C57Bl/6J mice (5/group) were inoculated intra-
nasally with 5 × 104 CFU (50 × LD50) of either the galU
mutant or WT FT and then were monitored for 15 days.
Each of the mice challenged with the galU mutant
experienced transient weight loss but survived and com-
pletely cleared the infection, while all of the mice

Figure 1 Growth kinetics of the galU mutant in vitro. Growth of wild-type, galU mutant, and galU-complemented strains of FT after 48 hrs of
culture was measured by the gradient plating technique to determine their sensitivity to polymyxin-B and deoxycholate. All data points
represent the mean (± SEM) of triplicate samples. Statistical analyses were performed via one-way ANOVA with Bonferroni post-tests. Statistically
significant differences are indicated as follows: P < 0.01 (**) (Panel A). Growth of each strain cultured in MHB supplemented with either 0.1%
glucose or 2% D-galactose (Panel B) or within macrophage-like murine cell lines (J774 or RAW264.7 at an MOI of 10, Panel C) was monitored
over a 24 hour period. All data points represent the mean (± SEM) of triplicate samples. Each panel is representative of at least three experiments
of similar design. Statistical analyses were performed via two-way ANOVA with Bonferroni post-tests. Statistically significant differences are
indicated as follows: P < 0.01 (**) and P < 0.001 (***).
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challenged with WT FT lost weight continually until they
succumbed to tularemia (Figure 2A and 2B). An addi-
tional challenge trial in which C57Bl/6 mice (4/group)
were challenged with higher numbers of the galU mutant
(up to 107 CFU) revealed that this mutant is highly atte-
nuated, with an LD50 that is at least 5 logs higher than
that of WT FT (Figure 2C). Moreover, trans-complemen-
tation of the galU mutation completely restored virulence
of the mutant strain (Figure 2A). These findings indicated
that FT virulence in mice is dependent on the expression
of a functional galU gene product.
To determine whether the reduced virulence of the galU

mutant was the result of defective replication and/or disse-
mination of the bacterium in vivo, we performed a kinetic
analysis of bacterial burdens following infection. C57Bl/6J
mice (16/group) were challenged with 5 × 104 CFU of
either the galU mutant or WT FT and then four mice
were sacrificed at each time point (24, 48, 72, and 96 h
post-infection) for bacterial burden determinations from
the lungs, livers, and spleens (Figure 3). The bacterial bur-
dens observed in the galU mutant- and WT-infected mice
were similar in each of the tissues for the first 48 h, indi-
cating that mutation of galU did not confer any significant
defects in replication or dissemination of FT in vivo. How-
ever, the burdens observed in the galU mutant-infected
mice were significantly lower (p < 0.01) in the spleens and
livers (p < 0.001) of infected mice at the 96 h time point.
Collectively, these results reveal that despite its normal
replication/dissemination phenotypes, the galU mutant is
more readily cleared than WT FT.

Mutation of galU alters the kinetics of innate immune
responses
To determine whether differences in innate immune
recognition of infection might be responsible for the dra-
matic difference in the outcome of disease with the galU
mutant vs. WT FT, we analyzed the kinetics of immune
cell infiltration into the lungs following infection. BALF
were collected from each mouse at the time of sacrifice
and a series of flow cytometric analyses was performed.
The numbers of macrophages, dendritic cells, and NK
cells recruited into the lungs of mice infected with the
galU mutant and WT FT were similar at each time point
(data not shown). However, higher numbers of neutro-
phils were observed in the lungs of mice infected with
the galU mutant at the 24- and 48-hour time points, with
peak numbers of neutrophils measured at 48 hours post-
infection (Figure 4A). In contrast, the kinetics of recruit-
ment of neutrophils into the lungs of mice infected with
WT FT was much slower (Figure 4A), peaking five days
post-infection (data not shown).
Using a Luminex multiplex kit, we also measured the

levels of a panel of cytokines/chemokines in the BALF
collected from each mouse and found that the levels of

Figure 2 Mutation of the galU gene attenuates virulence of FT.
C57BL/6 mice were infected intranasally with 5 × 104 CFU of WT (n
= 9), the galU mutant (n = 10), or the galU-complemented strain (n
= 5) strain of FTLVS, and their survival (Panel A) and weight (Panel
B) were monitored. Statistical analyses of survival curves was
performed using Gehan-Breslow-Wilcoxon tests and a p value of
0.005 is indicated (**). Statistical analysis of body weight retention
was performed via one-way ANOVA with a Bonferroni multiple
comparisons post-test and a p value of <0.0001 is indicated (***).
Panel C: Survival was also monitored in C57Bl/6J mice challenged
with a range of higher doses of the galU mutant (1 × 105-1 × 107

CFU; n = 4) or WT FT (5 × 104 CFU; n = 5). Statistical analysis of
survival curves was performed using Gehan-Breslow-Wilcoxon tests
and p values of 0.027 (*) and 0.009 (**) are indicated. Results shown
are representative of two experiments of similar design.
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several neutrophil chemoattractants CXCL1/KC [35],
granulocyte colony stimulating factor or G-CSF [36],
CXCL10/IP-10 [37], TNF-a [38], MIP-1a/CCL3 and
MIP-1b/CCL4 [39], CXCL2/MIP-2 [40], and CCL2/
MCP-1 [41] were all present at significantly higher levels
in the lungs of galU mutant-infected mice (p < 0.05) at
the 24 or 48 h time points (Figure 4B and 4C), correlat-
ing well with the peak of neutrophil recruitment at 48 h
post-infection. The levels of these same chemokines/
cytokines peaked in the lungs of WT FT-infected mice
72-96 hours post-infection (data not shown), corre-
sponding well with the peak of neutrophil recruitment
into the lungs on day five post-challenge.
It was recently reported that mutations that result in

alterations in LPS structure, making the bacterium more
likely to be recognized through TLR4 signaling, could
result in robust chemokine expression and early neutro-
phil recruitment [17,20]. To determine if the altered
kinetics of innate immune responses observed for the
galU mutant strain resulted from gross alterations to its
LPS structure, we extracted LPS from WT, galU mutant,
and wbtA mutant (O-antigen deficient) strains of FT and
performed Western blot analysis using a FT LPS-specific
mAb. No obvious alteration in LPS laddering was
observed, suggesting that mutation of galU did not result
in gross changes in synthesis of the O-antigen compo-
nent of LPS (Figure 5A). We also analyzed the ability of
LPS derived from the galU mutant to initiate TLR4-
mediated signaling. Using HeLa cells that stably express
either TLR2 or TLR4/MD2 that had been transfected
with a vector bearing a NF�B-responsive luciferase
reporter construct, we determined that neither galU
mutant or WT FT lysates were able to stimulate TLR4
while both stimulated TLR2 to the same extent (Figure
5B), suggesting that the lipid A portion of the mutant
LPS was not altered.
To further investigate whether the galU gene resulted

in gross change(s) to the outer envelope of FT, experi-
ments were performed to measure the relative sensitivity
of galU mutant and WT FT to serum components. The
galU mutant, WT, and galU-complemented strains of FT
all displayed a similar pattern of serum sensitivity. In
contrast, an O-antigen-deficient (ΔwbtA mutant) strain
of FT was highly sensitive to serum. Interestingly, the
galU, WT, and galU-complemented strains were equally
sensitive to heat-inactivated serum, while the wbtA
mutant strain displayed no sensitivity to serum that had
been heat inactivated (Figure 5C).

IL-1 expression/activation induced by the galU mutant
vs. WT FT
Activation of the AIM2 inflammasome and production of
IL-1b and IL-18 are known to be a critical component
of the innate immune response to FT infection [42].

Figure 3 Mutation of the galU gene does not attenuate
infectivity of FT in vivo. C57BL/6 mice (4/group) were infected
intranasally with 5 × 104 CFU (50 × LD50 for FT LVS) of either the
WT or galU mutant strain of FT LVS. Organs were harvested at 24,
48, 72 and 96 hours p.i. and CFU/g of organ was determined for
lungs, liver, and spleen. The lower limit of detection was 20 CFU/g.
Statistical analyses were performed via two-way ANOVA with a
Bonferroni multiple comparisons post test and all significant
differences are indicated as follows: ** P < 0.01 and *** P < 0.0001.
The data shown is representative of two independent experiments
of similar design.
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Figure 4 Neutrophil recruitment and chemokine expression in the lungs following infection with the galU mutant. C57Bl/6J mice (4/
group) were infected intranasally with 5 × 104 CFU (or 50 × LD50) of either the WT or galU mutant strain of FT and BALF was collected from
individual mice at 24, 48, 72 and 96 hours post-infection. Flow cytometric analyses were performed on the cells recovered from BALF to
determine the numbers of neutrophils at each timepoint. Statistical analyses were performed via two-way ANOVA with a Bonferroni multiple
comparisons post-test and statistically significant differences (P < 0.05) are indicated (*) (Panel A). The concentrations of KC, G-CSF, MIG, and IL-
10 (Panel A) and TNF-a, MIP-1a, MIP-1b, MIP-2, and MCP-1 (Panel B) in BALF at the 24 and 48 hour time points, respectively, were determined
using a Luminex multiplex kit. Statistical analyses were performed using unpaired t tests. Statistically significant differences (*) and p values are
indicated in each panel. The data shown is representative of three independent experiments of similar design.
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Figure 5 Mutation of galU does not cause gross changes in O-antigen synthesis, serum sensitivity, or TLR signaling. Panel A: Bacterial
cell lysates (10 μg/lane) and LPS preparations of WT, galU mutant, and wbtA-mutant (O-antigen deficient) FT strains were subjected to SDS-PAGE
and Western blotting using an FT LPS-specific monoclonal antibody preparation. Panel B: HeLa-TLR4/MD-2 or HeLa-TLR2 were transiently
transfected with a ELAM-luciferase reporter construct, CMV-CD14 and CMV-b-Gal (for normalization) and stimulated for 6 hours with 2μg or 10μg
of the indicated FT lysates. NF-�B activation was measured via a luciferase assay. Statistical analyses were performed via one-way ANOVA and
significant differences (P < 0.0001) are indicated (***). Panel C: Bacteria were incubated for 2 h at 37°C in either PBS alone or PBS containing
either 10% or 20% fresh frozen human plasma (FFP) or 20% heat-inactivated (HI-FFP). Viable bacteria were then enumerated by dilution plating.
100% viability was defined as the number of bacteria recovered from PBS containing no serum (0% FFP), and results were plotted as the mean
(± SEM) of triplicate samples. Statistical analyses were performed via one-way ANOVA and statistically significant differences (P < 0.0001) are
indicated (***).
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We compared the kinetics of IL-1b production following
infection (in vitro and in vivo) with either the galU
mutant or WT strain of FT. RNase protection analysis
revealed that IL-1b mRNA levels (as well as those of sev-
eral other cytokines) were similar in bone marrow-
derived dendritic cells (BMDC) that had been infected
for 8 h with either the galU mutant, WT, or galU-
complemented strains of FT (Figure 6A), confirming the
comparable abilities of the galU mutant and WT strains
to stimulate TLR-mediated events such as cytokine
expression. However, 24 h after infection of a macro-
phage-like cell line (THP-1) or BMDCs with the galU
mutant, the amount of IL-1b released into culture super-
natants was significantly higher (p < 0.0001 and p < 0.01,

respectively) than was observed following infection with
WT FT (Figure 6B). The galU mutant also induced accel-
erated kinetics of IL-1b protein production in vivo
(Figure 6C). Moreover, the kinetics of IL-1a protein pro-
duction is more rapid following infection with the galU
mutant strain of FT (Figure 6C).

Cytotoxicity of the galU mutant
In light of the findings that mutation of the galU gene
resulted in altered kinetics of innate signaling and earlier
production of IL-1b than was observed with WT FT, we
speculated that the galU mutant might induce death of
the host cell more rapidly than WT FT. To investigate
this possibility, we evaluated the relative abilities of the

Figure 6 galU mutant and WT FT differentially induce cleavage of pro-IL-1b to the active IL-1b form. Panel A: BMDC were infected with
WT, galU mutant, and galU-complemented strains of FT at the indicated MOI, and total RNA was extracted 8 h later and subjected to RNase
protection analysis. Panel B: IL-1b concentrations in culture supernatants from THP-1 and BMDC following infection (24 h) in vitro with either
WT, galU mutant, or galU-complemented strains of FT were determined via ELISA, and statistical analyses were performed via one-way ANOVA
with a Bonferroni multiple comparisons post-test (p values are indicated as follows: ** P < 0.01, and *** P < 0.0001). Panel C: IL-1b and IL-1a
concentrations in BALF collected from mice 48 hrs following intranasal infection with either WT or galU mutant strains of FT were determined
via multiplex cytokine analysis. Statistical analyses were performed via unpaired t tests and two-tailed p values are indicated.
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galU mutant and WT FT strains to kill their host cells
in vitro. A macrophage-like cell line (J774) was infected
with either the galU mutant or WT FT strains at an
MOI of 100 and incubated for 24 hours. LDH activity in
the culture medium was then determined as a measure
of host cell death. A significantly higher amount of LDH
activity was measured in the supernatants of J774 cells
that had been infected with the galU mutant compared
to those infected with WT FT (p < 0.0001), indicating
that the galU mutant was hyper-cytotoxic. Complemen-
tation of the galU mutation in trans partially restored
the cytotoxicity phenotype. For comparative purposes, a
wbtA mutant strain of FT was also included and was
shown to have cytotoxicity characteristics similar to
those of WT FT (Figure 7).

Immunization with the galU mutant confers immunity to
WT FT challenge
Because infection with the galU mutant elicited a robust
innate immune response and infected mice were able to
clear the infection, we assessed the efficacy of the galU

mutant strain as a live attenuated vaccine strain. Two
months following the initial inoculation, mice that sur-
vived infection with the galU mutant, as well as a naïve
group of mice, were challenged with a large dose of WT
(50 × LD50) via the intranasal route and were monitored
for survival. The galU mutant-immunized mice experi-
enced transient weight loss following challenge, but dis-
played no other visible symptoms of tularemic disease
and survived the infection. In contrast, each of the naive
mice displayed the typical visible signs of tularemia (lack
of grooming, hunched posture, reduced motor activity,
etc.) and succumbed to WT FT infection by day 8 post-
challenge (Figure 8).

Discussion
A major focus of FT research continues to be the identifi-
cation of virulence-mechanisms used by this extremely
virulent pathogen. A number of virulence determinants
have been identified, but there remains much to discover
regarding the virulence mechanisms used by FT to survive
and cause disease within its mammalian hosts. In this
report we show that mutation of galU results in a dramatic
attenuation of FTLVS virulence that appears to be unre-
lated to any in vivo infectivity or growth defects. Although
it is known that mutation of the galU gene leaves some
other bacterial pathogens attenuated for virulence
[27,32,43,44], this is the first report examining the role of
galU in the pathogenesis of FT.
Neutrophils are a critical component of the innate

immune responses to bacterial infection, and the recruit-
ment of these cells into the lungs following pneumonic
infection typically peaks by 48-hours post-infection
[45-47]. However, it has been reported elsewhere [22,25]
and confirmed here that neutrophil recruitment follow-
ing wild type FT infection in the lungs is not detected
until approximately 72 h post-infection. Because it is
known that neutrophils are required for control of FT
infection [48], it is reasonable to speculate that the ability
of FT to delay the kinetics of neutrophil recruitment into
the lungs following pulmonary infection may be an
important virulence determinant. Interestingly, a com-
parative analysis following pulmonary infection of mice
with the galU mutant and WT strains of FT revealed that
the kinetics of neutrophil recruitment (and production of
chemokines/cytokines involved in neutrophil recruit-
ment) occurs much more rapidly following infection with
the galU mutant (peaks at 48 h post-infection). Kinetic
analyses of bacterial burdens in the lungs, spleens, and
livers of mice following infection with the galU mutant
and WT strains of FT revealed that the two strains disse-
minated and replicated at comparable rates, but the bac-
terial burdens in galU-infected animals became
significantly lower than in WT-infected animals by 72 h
post-infection. The significant difference in bacterial
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Figure 7 Mutation of the galU gene increases cytotoxicity of
FT. Murine macrophage-like cells (J774) were infected with the WT,
galU mutant, the galU-complemented, or wbtA mutant (O-antigen-
deficient) FT LVS strains at an MOI of 100. Host cell death was
determined by measuring LDH released from infected cells 24-hours
post-infection. All data points represent the mean (± SEM) of
triplicate samples and the data shown is representative of three
experiments of similar design. Statistical analyses were performed
via one-way ANOVA with a Bonferroni multiple comparisons post-
test (*** indicates a p-value of <0.0001).
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burdens observed in galU mutant- vs. WT FT-infected
mice 3-4 days post-infection may have been (at least in
part) due to differences in the kinetics of neutrophil
recruitment.

It remains unclear whether FT actively suppresses
innate immune responses during the early stages of infec-
tion, or if the delayed response is due to poor recognition
of FT through host pattern recognition receptors. It has
been well documented that FT produces an atypical LPS
that is not recognized via TLR4 [49-51] and that FT is
recognized via the TLR2 signaling pathway [52-55].
Because the galU gene has been shown to be important
for LPS production [27,31,32,43,56] in a number of other
bacterial systems, we performed a series of studies to
determine whether differences in the LPS expressed by
the FT galU mutant might contribute to its reduced viru-
lence. A western blot of both bacterial extracts and LPS
preparations revealed no obvious differences in the
O-antigen laddering between the galU mutant and WT
strains of FT, suggesting that mutation of galU did not
have any gross effects on O-antigen synthesis. Because it
has been reported elsewhere [57] and confirmed here
(wbtA mutant) that the absence of O-antigen is a major
determinant of susceptibility to complement-mediated
killing, our findings that the galU mutant displayed a
WT serum sensitivity phenotype also suggested that
O-antigen synthesis was not significantly altered by
mutation of the galU gene. This finding contrasted with
reports that galU mutant strains of P. aeruginosa and
V. cholerae displayed increased serum sensitivity [31,44].
We also observed no differences between the galU
mutant and WT strains of FT with respect to signaling
via the TLR2 and TLR4 recognition pathways. It remains
possible that mutation of galU results in minor O-
antigen compositional changes, alterations in the core
oligosaccharides, or differences in the carbohydrate mod-
ification of surface proteins of FT. Moreover, in light of
the published finding that mutations causing alterations
in the lipid A of FT novicida [17,20] are highly attenuat-
ing for virulence in vivo (possibly due to altered kinetics
of cytokine/chemokine production and neutrophil mobi-
lization), we posit that mutation of the galU gene may
have an impact on the lipid A moieties of FT. A complete
analysis of the carbohydrate components of the FT galU
mutant is needed to identify such differences.
Recent studies have revealed that the innate immune

response to FT infection is complex and involves multi-
ple signaling pathways. Others and we have previously
shown that FT elicits a powerful inflammatory response
that is primarily mediated by TLR2 and caspase-1 activa-
tion [52-55]. More recently, it has been demonstrated
that the AIM-2 inflammasome mediates caspase-1 activa-
tion and secretion of mature IL-1b and IL-18 during FT
infection [42,58,59]. We predicted that the ability of the
galU mutant strain of FT to accelerate the kinetics of
inflammatory cytokine production/neutrophil mobiliza-
tion in vivo might be due to more rapid activation of the
inflammasome. To address this hypothesis, we measured

A

B

Figure 8 Infection with the galU mutant of FT LVS elicits
protective immunity WT FT LVS. C57Bl/6J mice (n = 5) that had
survived intranasal challenge with the galU mutant FT strain and
naïve control mice (n = 5) were challenged intranasally with 5 × 104

CFU (50 × LD50) of WT FT LVS eight weeks following the initial
infection. The body weight (Panel A) and survival (Panel B) of mice
were monitored for survival for 30 days. Statistical analyses of
changes in body weight were performed via two-way ANOVA using
a Bonferroni multiple comparisons post-test and p-values are
indicated as follows: * P < 0.05 and *** P < 0.001. Statistical analysis
of the survival data was performed using a Gehan-Breslow-Wilcoxon
test (** indicates a p-value of 0.0043).
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IL-1b protein production by either THP-1 cells or
BMDCs infected for 24 h in vitro and found that the
galU mutant induced higher concentrations of IL-1b
than did WT FT. However, RNase protection assays
revealed that the differences in IL-1b production by galU
mutant- vs. WT FT-infected cells were not the result of
differential transcription of the IL-1b gene and, therefore,
were likely due to more robust activation of the inflam-
masome. Our findings that production of IL-1b (as well
as IL-1a) was induced significantly earlier in the lungs of
galU mutant vs. WT FT-infected mice were also consis-
tent with the hypothesis. Moreover, we showed that
macrophage-like J774 cells infected in vitro with the galU
mutant are killed more rapidly than those infected with
WT FT and that WT cytotoxicity could be partially
restored by complementation in trans with the galU
gene. These findings were consistent with the possibility
that the galU mutant more rapidly activates the inflam-
masome that, in turn, initiates host cell death via pyrop-
tosis and limits the ability of the bacteria to replicate
[60]. Based on findings with other mutant strains that
display a hypercytolytic phenotype [61,62], it could be
speculated that such a change in the in vivo life cycle of
FT could result in significant attenuation of virulence like
that observed for the galU mutant. Overall, the findings
shown here with FTLVSΔgalU are consistent with
recently published studies showing that mutation of
either mviN (FTL_1305 [63]) or ripA (FTL_1914 [64])
results in attenuated FT strains that activate the inflam-
masome more efficiently. Additional studies designed to
delineate the signaling pathway(s) that enable early
inflammasome activation by the galU mutant strain of
FT are warranted.
Because the galU mutant was so severely attenuated for

virulence, in spite of its normal ability to replicate and dis-
seminate in vivo, and because there still is no well-defined
and efficacious vaccine for FT, we performed a vaccine
trial with the galU mutant strain. Mice that had been
infected with the galU mutant and had survived the infec-
tion were challenged intranasally two months later with a
large dose (50 × LD50) of WT FT LVS and all were found
to be immune to FT. These findings, coupled with the fact
that the galU gene is 100% conserved between the LVS
and Schu S4 strains, suggest that a galU mutant strain in
the Schu S4 background could have strong prophylactic
potential as a live attenuated vaccine strain. Studies to
characterize galU in FT SchuS4 are currently underway in
our laboratory.

Conclusions
Disruption of the galU gene of FTLVS has little if any
effect on its infectivity, replication, or dissemination in
vitro, but it resulted in highly significant virulence
attenuation. The reduced virulence of the galU mutant

appears to be related to its increased ability to induce
innate immune responses following infection. Inflamma-
tory responses and chemokine/cytokine production eli-
cited by WT FT proceeds with much slower kinetics
than typically observed for other bacterial pathogens. In
contrast, the kinetics of chemokine/cytokine expression
and neutrophil recruitment is more rapid following infec-
tion with the galU mutant strain, likely resulting in more
rapid uptake and killing of bacteria by neutrophils. These
studies also revealed that disruption of the galU gene
results in a hypercytotoxic phenotype that could be due
(at least in part) to activation of the AIM-2 inflamma-
some. The accelerated death of cells infected with the
galU mutant strain presumably interferes with the nor-
mal replicative cycle of the bacterium, resulting in the
significant difference in bacterial burdens in the liver and
spleen of mice infected with the galU mutant vs. WT
strains of FTLVS observed 4 days post-infection and con-
tributing to the reduction in FTLVSΔgalU virulence.
These findings underscore the need for studies designed
to understand the mechanisms used by WT FT to alter
the kinetics of innate immune responses following infec-
tion. A thorough comparative analysis of the outer envel-
ope of the WT and galU mutant strains of FTLVS
coupled with a more detailed analysis of the innate sig-
naling that results following infection with these two
strains of FT could lead to a better understanding of the
ability of FT to avoid detection by the innate immune
system during the early stages of infection. The findings
presented here also suggest that a galU mutant strain of
FT has high potential as a platform for development of a
live attenuated tularemia vaccine strain.

Methods
Bacteria and Culture Conditions
FTLVS was a kind gift of Dr. Karen Elkins (FDA,
Bethesda, MD). The FTLVS galU mutant strain was iden-
tified by screening a LVS transposon mutant library for
mutants exhibiting elevated susceptibility to polymyxin
B. Transposon insertion in to the galU gene was verified
by DNA sequencing and the polymyxin B hypersensitive
phenotype was verified by complementation. The results
of this screen will be described in a future publication.
FT strains were grown at 37°C in Mueller-Hinton
(DIFCO/Becton Dickinson, Sparks, MD) broth modified
with 2.5% ferric pyrophosphate, 0.1% glucose, and 10%
cysteine (MMH). The galU mutant was grown under
kanamycin selection (10 μg/mL). Complementation stu-
dies were performed as follows. The galU gene was
amplified by PCR from the LVS genome using primers:
forward primer: 5’-CTCGTGGATCCGCTAAAAT-
GAAAATAAGAAAAGC-3’ and reverse primer: 5’-
ATCGCTAATCGATAAGCTATCTATTTTGAAGG-3’.
The resulting amplicon was digested with BamHI and
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ClaI restriction endonucleases before being ligated to
similarly digested pXB167 [65], which placed the galU
gene downstream and in the same orientation as the con-
stitutively expressed orf5 promoter. The resulting plas-
mid, pXB167-galU, was then introduced into the
indicated strains by electroporation as previously
described [15,65]. The galU-complemented strain was
grown in presence of kanamycin (10 μg/mL) and carbeni-
cillin (350 μg/mL). Bacterial stocks were made from over-
night cultures of bacteria grown to OD600 of 0.7-0.9, and
aliquots were frozen at -80°C.

Antimicrobial Susceptibility Determination
Antimicrobial susceptibility was determined by the gradi-
ent agar plate method [15,66]. The gradient agar plates
were prepared in 90 mm × 90 mm Petri plates as follows.
Thirty-five milliliters of BHI-chocolate agar (without the
test compound) was poured into the square Petri dish and
allowed to harden as a wedge by elevating one side of the
plate. After the agar solidified, 35 mL of BHI-chocolate
agar containing the test compound were added to the
leveled plate and allowed to solidify. The antibiotic gradi-
ent plates were allowed to develop for 2 h and inoculated
within 3 h after preparation. Growth was measured after
two days of incubation at 37°C. All tests were performed
in triplicate. Minimal inhibitory concentrations (MIC)
were determined as follows: MIC = distance of growth
(mm) × concentration of drug (ex. μm/mL)/90 (mm).

Mice
C57BL/6 mice were purchased from Charles River
Laboratories. Mice were age-matched and used between
8 and 16 weeks of age. Mice were housed in microisola-
tor cages with food and water available ad libitum. All
experimental protocols were reviewed and approved by
the University of Tennessee Health Science Center
IACUC.

Intranasal Challenge of Mice with FT
Mice were lightly anesthetized using isoflurane adminis-
tered with a Vapor Stick nebulizer. Frozen stocks of FT
were thawed anew for each experiment, diluted in phos-
phate-buffered saline (PBS), and administered intranasally
(20 μl/naris). The CFUs of FT in the inocula were verified
by dilution plating. Following challenge, all mice were
monitored daily for signs of illness (decreased mobility,
ruffled fur, hunched gait) and weight loss. Upon sacrifice,
bronchoalveolar lavage was performed and spleens, livers
and lungs were collected for bacterial burden assessment.

Bacterial Burden Determination
Spleens, livers and lungs of challenged mice were removed
aseptically and homogenized (using a tissue homogenizer)
in one milliliter of sterile PBS. To disrupt cells (releasing

FT), 0.25 mL disruption buffer (2.5% saponin, 15% BSA, in
PBS) was added with light vortexing. Appropriate dilutions
of each sample were then plated in duplicate using an
Eddy Jet spiral plater (Neutec Group Inc., Farmingdale,
NY) on MMH agar plates (supplemented with 5% calf
serum) and incubated at 37°C for 48-72 hours. Colonies
were counted using a Flash & Go automated colony coun-
ter (Neutec Group Inc.).

Cell Culture, Macrophage Infection, and Cytotoxicity
Assays
J774 and RAW264.7 cells (ATCC) were propagated in
Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 10% fetal bovine serum. For replication assays, cells
were seeded in 24 well tissue culture plates at a density
of 2 × 105 cells per well. Twenty-four-hours later, FT was
added (MOI of 10) and incubated for 2 h. Gentamicin
was then added (50μg/mL) and incubated for 1 hour to
kill extracellular bacteria. Cells were then washed two
times with DMEM and incubated in fresh culture med-
ium at 37°C. At each experimental time point, cells were
washed with PBS to remove any bacteria released during
the incubation period, lysed in PBS containing 0.1%
deoxycholate, and the number of viable bacteria released
from the cells was determined via dilution plating.
For cytotoxicity (LDH) assays, J774 cells were seeded

into a 96 well plates and allowed to adhere overnight. FT
was added to wells (MOI of 100) and the plates were cen-
trifuged (800 × g, 5 min) to facilitate contact between the
cells and bacteria. After 2 hours of co-culture with bac-
teria, the culture supernatant was aspirated and replaced
with fresh media containing gentamicin (50μg/mL) and
the plates were incubated at 37°C, 5%CO2 for 24 hrs. Cul-
ture supernatants were then analyzed for LDH release
using the CytoTox Non-Radioactive Cytotoxicity Assay
(Promega) according to the manufacturer’s protocol. The
total LDH release (100% LDH in cells) was determined by
lysis of uninfected cells. The background LDH value was
defined as the level of LDH in the supernatants collected
from intact uninfected cells. The percentage of LDH
release was calculated as follows: (Sample LDH value -
background LDH value)/(Total LDH release value - Back-
ground LDH release value) × 100.
Mouse bone marrow-derived dendritic cells (BMDC)

were generated by incubating bone marrow in RPMI
1640-10%FCS supplemented with rmGM-CSF (20 ng/mL)
(R&D Systems, Minneapolis, MN) for 8 days. This proce-
dure routinely results in 60-80% CD11c+ cells.

Bronchoalveolar Lavage (BAL) and Flow Cytometric
Analysis
BAL was performed as described previously [45]. Briefly,
BAL was performed by intratracheal injection of 1 mL of
PBS into the lungs with immediate vacuum aspiration.
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The amount of fluid (BALF) recovered was routinely
around 800 μl. Cells were recovered from BALF by cen-
trifugation and their viability was determined by trypan
blue exclusion. Protease inhibitor cocktail (Pierce, Rock-
ford, IL) was added to the BALF immediately after recov-
ery and the BALF was frozen at -80°C till further use.
Flow cytometry was performed on isolated BAL cells

using fluorochrome conjugated antibodies specific for
CD45, CD11b, F4/80, GR1, and NK1.1 (eBioscience CA,
USA). A minimum of 50,000 events/sample was collected
on a BD Biosciences LSRII cytometer (BD Biosciences, San
Jose, CA). Expression of cell surface markers was analyzed
using DIVA software. The percentage of neutrophils was
determined using gates set on live cells and CD45 expres-
sion, and neutrophils were identified as CD11bhigh /Gr1high.
Dendritic cells and NK cells were identified as CD11bhigh/
GR1lo/F480lo and CD45high/NK1.1high, respectively.

Chemokine/Cytokine Measurements from BALF
The concentrations of each of the chemokines/cytokines
from BALF were determined via multiplex analysis using
a Luminex Milliplex Analyzer (Millipore Corp., Billerica,
MA). A 32-plex Milliplex Cytokine/Chemokine Immu-
noassay (Millipore) was used according to manufacturer’s
instructions to simultaneously measure the following:
eotaxin, G-CSF, GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12
(p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1,
M-CSF, MIG, MIP-1b, MIP-1a, MIP-2, RANTES, TNFa,
and VEGF. All determinations were performed with
duplicate samples, and data analysis was performed using
Luminex xPonent and Milliplex Analyst software
packages (Millipore).

Galactose Sensitivity
FT strains were grown overnight in MHB containing 0.1%
glucose and then pelleted, washed and resuspended in
PBS. Each strain was then diluted to 5 × 107 CFU/mL and
inoculated in fresh MHB containing either 0.1% glucose or
2% D-galactose as the sole sugar source and incubated at
37°C for 24 hours. Optical density at 600 nm was moni-
tored hourly as a measure of growth.

LPS Isolation
Bacterial cultures in mid-logarithmic growth phase were
pelleted by centrifugation at 4000 rpm for 20 min and
then resuspended in PBS. LPS was isolated from the bac-
teria using LPS extraction kit (Intron Biotechnologies,
Boca Raton, FL) as per the manufacturer’s directions.

SDS-PAGE and Western Blotting
Bacterial cell lysates (5 μg/lane) and LPS extracts were
electrophoresed on 4-20% gradient polyacrylamide gel

and transferred to nitrocellulose membrane. The mem-
brane was then blocked with 5% BSA (in PBS+0.1%
Tween-20) and probed with an FT LVS O-antigen-spe-
cific mAb (unpublished, see below). Bound antibodies
were detected by probing with HRP-conjugated goat
anti-mouse secondary antibody (Jackson Research Labs)
and visualized by addition of Western Lightning Plus-
ECL Enhanced Chemiluminescence substrate (Perkin
Elmer, Shelton, CT).
The O-antigen-specific mAb used for the Western

analysis was generated as follows: Six-week old female
C57/BL6 mice were immunized (i.p.) three times at
two-week intervals with 5 × 107 heat-killed FTLVS.
Three weeks later each mouse was challenged/boosted
via intraperitoneal inoculation with 106 live FTLVS. Six
weeks later, the FT immune mice with high titer anti-
FT IgG were boosted via intraperitoneal injection of 5 ×
107 heat-killed FTLVS. Spleens were removed three
days later, and splenocytes were fused with P3 × 63-
Ag8.653 plasmacytoma cells as previously described
[67]. Thirteen days after fusion, hybridoma cell superna-
tants were screened via direct ELISA for IgG reactive
with sonicated FT-antigen and whole FT bacteria. The
O-antigen-specific hybridoma was cloned via limiting
dilution and mAbs were purified from culture superna-
tants via affinity chromatography using protein G-
sepharose columns (Pierce/ThermoFisher Scientific,
Rockford, IL).

Sensitivity to Human Serum
Overnight cultures of the indicated FT strains were pel-
leted via centrifugation at 4000 rpm for 20 min and
washed once with PBS. The bacteria (1 × 107 CFU) were
suspended in 100 μl PBS and incubated with an equal
amount of human fresh frozen plasma (citrate was used as
the anticoagulant) at varying concentrations for 2 h at
37°C. Surviving bacteria were enumerated by dilution plat-
ing on MMH plates.

TLR4/TLR2 Signaling Luciferase Assay
HeLa-TLR4/MD2 or HeLa-TLR2 [68] were transiently
transfected in 24-well plates using Effectene reagent (Qia-
gen) with 0.4μg of ELAM-luciferase, 0.2μg of pcDNA-
CD14 and 0.1μg of CMV-b-Gal expression plasmids
(recipe for 24 wells). Forty-eight hours after transfection,
the cells were stimulated for 6 hours with FT lysates. LPS
(10 ng/mL) from E. coli strain LCD25 (List Biological,
Campbell, CA) and PAM3-Cys (1μg/mL; Invivogen, San
Diego, CA) were used as controls for TLR4 and TLR2 sig-
naling, respectively. Luciferase assays were performed
using Promega (Madison, WI) reagents according to the
manufacturer recommendations. Efficiency of transfection
was normalized by measuring b-Gal in cell lysates.
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RNase Protection Assays
BMDC seeded into 24-well tissue culture plates (2 ×
106/well) were infected with FT and then total RNA was
isolated 8 hr later using TRizol reagent (Life Technolo-
gies, Grand Island, NY). RNase protection assays were
performed with 4μg of total RNA using a BD-Pharmin-
gen (San Diego, CA) Riboquant kit and the mCK-2
multi-probe template set.

Quantitation of IL-1b Production In Vitro
BMDC or THP-1 cells were seeded into 24-well tissue
culture plates (2 × 106/well) and infected with FT. Gen-
tamicin was added to the medium 3 hours later. IL-1b
was measured in conditioned supernatants 24 hr post-
infection using an ELISA kit (eBiosciences, San Diego,
CA).

Statistical Methodology
Statistical analyses of each figure were performed using
GraphPad Prism software (GraphPad Software, La Jolla,
CA). The specific statistical method used for each data-
set is described in the figure legends.
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H5N1 Influenza Virus Pathogenesis in Genetically Diverse Mice Is
Mediated at the Level of Viral Load

Adrianus C. M. Boon,a David Finkelstein,b Ming Zheng,c Guochun Liao,c John Allard,c Klaus Klumpp,c Robert Webster,a Gary Peltz,c

and Richard J. Webbya

Department of Infectious Diseasesa and Hartwell Center for Bioinformatics and Biotechnology,b St. Jude Children’s Research Hospital, Memphis, Tennessee, USA, and
Roche Pharmaceuticals, Palo Alto, California, USAc

ABSTRACT The genotype of the host is one of several factors involved in the pathogenesis of an infectious disease and may be a
key parameter in the epidemiology of highly pathogenic H5N1 influenza virus infection in humans. Gene polymorphisms may
affect the viral replication rate or alter the host’s immune response to the virus. In humans, it is unclear which aspect dictates the
severity of H5N1 virus disease. To identify the mechanism underlying differential responses to H5N1 virus infection in a geneti-
cally diverse population, we assessed the host responses and lung viral loads in 21 inbred mouse strains upon intranasal inocula-
tion with A/Hong Kong/213/03 (H5N1). Resistant mouse strains survived large inocula while susceptible strains succumbed to
infection with 1,000- to 10,000-fold-lower doses. Quantitative analysis of the viral load after inoculation with an intermediate
dose found significant associations with lethality as early as 2 days postinoculation, earlier than any other disease indicator. The
increased viral titers in the highly susceptible strains mediated a hyperinflamed environment, indicated by the distinct expres-
sion profiles and increased production of inflammatory mediators on day 3. Supporting the hypothesis that viral load rather
than an inappropriate response to the virus was the key severity-determining factor, we performed quantitative real-time PCR
measuring the cytokine/viral RNA ratio. No significant differences between susceptible and resistant mouse strains were de-
tected, confirming that it is the host genetic component controlling viral load, and therefore replication dynamics, that is pri-
marily responsible for a host’s susceptibility to a given H5N1 virus.

IMPORTANCE Highly pathogenic H5N1 influenza virus has circulated in Southeast Asia since 2003 but has been confirmed in rela-
tively few individuals. It has been postulated that host genetic polymorphisms increase the susceptibility to infection and severe
disease. The mechanisms and host proteins affected during severe disease are unknown. Inbred mouse strains vary considerably
in their ability to resist H5N1 virus and were used to identify the primary mechanism determining disease severity. After inocu-
lation with H5N1, resistant mouse strains had reduced amounts of virus in their lungs, which subsequently resulted in lower
production of proinflammatory mediators and less pathology. We therefore conclude that the host genetic component control-
ling disease severity is primarily influencing viral replication. This is an important concept, as it emphasizes the need to limit
virus replication through antiviral therapies and it shows that the hyperinflammatory environment is simply a reflection of more
viral genetic material inducing a response.
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Genetic polymorphisms within the genome of the infected host
play an important role in the response to and outcome of

microbial infections. In humans, several polymorphisms that af-
fect HIV, hepatitis C virus (HCV), and herpes simplex virus
(HSV) pathogenesis (1–6) have been described. However, very
few data are available on how host genetic differences influence
the course of influenza A virus infection, and what is available is at
best inconclusive. Studies on highly pathogenic H5N1 influenza
virus in Asia support the notion of host genetic polymorphisms
affecting susceptibility to H5N1 virus (7, 8), with a high propor-
tion of infected contacts being genetically related to the index case
within family clusters. Also, during the 2009 H1N1 virus pan-
demic, individuals of indigenous descent in the Americas, Austra-

lia, and the Pacific had higher hospitalization rates than did the
overall population (9, 10). Although the increased incidence of
risk factors such as diabetes and asthma may have contributed to
this difference, gene polymorphisms likely played an important
role in susceptibility to influenza virus.

Despite the evidence favoring a role for host genetic polymor-
phisms in susceptibility to influenza virus infection, no human
polymorphisms have been discovered. More importantly, we have
yet to understand the mechanistic basis for the difference in
pathogenesis: does the genetic change in susceptible hosts allow
for increased replication dynamics of the virus or an altered im-
mune environment, or does it completely change the hosts’ re-
sponse to the pathogen independently of viral burden? Existing
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literature reporting large differences in the host responses after
infection with low- or highly pathogenic viruses (11–17) would
suggest that individuals with severe disease have an aberrant im-
mune response to the virus. Alternatively, the genetic differences
between the hosts allow for an increased virus replication rate,
resulting in the induction of a more vigorous immune response.
In humans, H5N1 virus pathogenesis is characterized by high viral
load and increased production of proinflammatory cytokines cul-
minating in severe disease and often death (i.e., 60% mortality rate
in humans) (12, 15). Due to the correlative nature of the 2 para-
meters, it is unclear how they are linked and how each affects
survival after infection. The importance of replication dynamics
was recently highlighted in a paper by Hatta et al. demonstrating
that the more virulent H5N1 virus also had the highest replication
rate of the viruses studied (18).

To increase our understanding of H5N1 virus pathogenesis
and to study the effects of host genetic variation, we initiated a
large systematic effort to define the underlying mechanism in-
volved in susceptibility or resistance to influenza virus infection.
This knowledge is crucial for the identification of genes or gene
networks associated with differences in pathogenesis. In sum-
mary, H5N1 virus pathogenesis in genetically diverse hosts is
largely determined by the host factors controlling viral load in the
lungs. Increased viral loads initiate the production of excessive
amounts of proinflammatory cytokines, causing tissue damage
and ultimately mortality of the susceptible host.

RESULTS
H5N1 virus pathogenic phenotypes among inbred mouse
strains. We experimentally inoculated 21 mouse strains with the
highly pathogenic H5N1 influenza A virus A/Hong Kong/213/03
(HK213) and monitored the animals for 30 days thereafter for
signs of morbidity and mortality. The 50% mouse lethal dose
(MLD50) values varied from 40 50% egg infective doses (EID50)
for the influenza virus-susceptible strain DBA/2S (susceptibility
indicated by “S”) to more than 106 EID50 for the influenza virus-
resistant strains BALB/cR and BALB/cByR (resistance indicated by
“R”) (Fig. 1).

Several strains were resistant to the high-dose challenge and
had MLD50 values between 105 and 106 EID50. Others were con-
sidered either susceptible (MLD50 � 104 EID50) or highly suscep-
tible (MLD50 � 103 EID50). The diversity in pathogenic potential
of a single highly pathogenic H5N1 virus prompted us to define a
dose of virus that was lethal to the susceptible mouse strains but
induced only mild morbidity without mortality in the resistant
strains. Thus, we set the dose of 104 EID50 as the cutoff for H5N1
virus resistance/susceptibility and subsequently used it in all host
response experiments.

Transfer of hematopoietic cells from resistant strains does
not rescue the pathogenic phenotype of susceptible strains. An
appropriate immune response mediated by hematopoietic cells is
essential for clearance of influenza viruses and subsequent survival
of the infected host. To test whether susceptible mouse strains
have an inferior immune response due to one or more genetic
polymorphisms, we generated chimeric DBA/2S mice whose bone
marrow (BM) was replaced with that of C57BL/6R (DBA/2C57),
BALB/cR (DBA/2BALB), or DBA/2S (DBA/2DBA/2) as a control.
Twelve weeks post-BM transfer, successful engraftment was de-
termined using strain-specific cell surface markers. The chimeric
mice were subsequently infected with 1 of 2 doses of HK213 virus.

At a dose of 104 EID50, the DBA/2C57 and DBA/2BALB mice suc-
cumbed to infection approximately 7 to 8 days postinoculation
(dpi). This finding was similar to that seen in age-matched DBA/2
control mice and DBA/2DBA/2 mice (Fig. 2A). Intranasal inocula-
tion with a 10-fold-lower dose (103 EID50) produced similar re-
sults: DBA/2BALB mice died around the same time (postinocula-
tion day 8) as did the DBA/2DBA/2 control mice. DBA/2C57 mice
survived a few days longer; however, all of the mice had died by
day 12 postinoculation (Fig. 2B). Thus, the immune response of
hematopoietic origin from resistant mouse strains was unable to
rescue the phenotype of a susceptible strain, consistent with the
hypothesis that the genetic polymorphism(s) affecting H5N1 vi-
rus pathogenesis in susceptible mouse strains promotes viral rep-
lication in the epithelial cells of the respiratory tract.

RNA expression profile early after H5N1 virus infection dif-
ferentiates susceptible from resistant mouse strains. To identify
differences in the molecular responses to HK213 virus infection in
the susceptible and resistant mouse strains, we performed large-
scale expression analysis of lung tissue before and at various time
points after inoculation in 3 susceptible strains (DBA/2S, 129/
SvImS, and A/JS) and 3 resistant strains (SMR, C57BL/6R, and
BALB/cR). Probes (26,000) that were detected in one or more
strains at any time point after infection were included in subse-
quent analyses. Prior to detailed gene and pathway expression
analysis, we performed an unsupervised principal component
analysis (PCA) to identify similarities or differences in overall
gene expression between strains of mice before inoculation and 1,
3 and 7 days postinoculation (dpi). If all biological replicates of a
particular condition (mouse strain) form a cluster and are located
elsewhere on the plot compared to the rest of the data, that par-
ticular mouse strain is considered to have a distinct expression
profile. Our goal was to identify similarities and differences
among the strains and correlate those with our disease phenotype.
Prior to infection or shortly thereafter (day 1 postinfection), no

FIG 1 Pathogenic profile of 21 inbred mouse strains inoculated with highly
pathogenic H5N1 influenza A virus. The 50% mouse lethal dose (MLD50) of
A/Hong Kong/213/03 virus is shown. A dose of 104 EID50 (dotted line) was set
to distinguish influenza virus-resistant from influenza virus-susceptible
mouse strains and used throughout the work to assess biological parameters
associated with severity of disease and mortality.
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clustering was observed, and individual data were scattered
throughout the plot (Fig. 3). At day 3 postinfection, the expression
profiles of the mice clustered into 3 groups. Group 1 (red circle)
contained only highly susceptible strains (DBA/2S and 129/
SvImS). Group 2 (green circle) was composed of resistant strains
(C57BL/6R and BALB/cR) only. Group 3 (blue circle) was com-
posed of a susceptible strain and a resistant strain (A/JS and SMR,
respectively) and was situated between groups 1 and 2 on the
second component. By day 7, the clustering of susceptible (group
1) and resistant (group 2) strains remained intact. More impor-
tantly, the susceptible strain in group 3, A/JS, had joined group 1,
and the resistant strain (SMR) was found in close proximity to the
other resistant strains of group 2. These plots clearly indicate that
a gene expression signature is associated with death or survival in
these mice but also that these signatures are not necessarily fixed
until later in the infectious process.

Pathway analysis of the response to H5N1 virus infection in
inbred mouse strains. To identify qualitative and quantitative
differences in the host responses associated with survival, we
probed the transcriptomes of susceptible and resistant mouse
strains before and after inoculation with H5N1 virus. Because our
phenotype occurred after H5N1 virus infection, we focused on
genes whose expression increased or decreased �2-fold compared
to that in uninfected controls in at least two of the three suscepti-
ble or resistant mouse strains; this approach yielded a comprehen-
sive set of 2,038 genes.

At day 1 postinoculation, 76 genes were differentially ex-
pressed, of which the majority (64) were shared by the susceptible
and resistant strains (see Fig. S1A in the supplemental material).
By day 3, the number of differentially expressed genes increased
dramatically to 829, and 569 (68.6%) of those were shared by the
two groups. Surprisingly, only 28 (3.4%) genes were uniquely up-
or downregulated in the resistant strains and 232 (70.5%) were
found only in the susceptible strains. These included several genes
that encode cytokines associated with increased inflammation,
e.g., Il28b, Ifna4, Ifna5, and Tnfrsf1b. Similar results were found at
day 7, with 582 of 1,084 (53.7%) genes differentially expressed in
the susceptible strains only. Overall, these data suggest that the
resistant mouse strains do not express a unique set of genes or a
pathway(s) controlling replication or disease. Rather, the differ-
ence in expression profiles identified by PCA (Fig. 3) was caused
by altered or increased gene expression in the susceptible mouse
strains.

Next, we performed pathway analysis of the up- or downregu-
lated genes within each mouse strain. At day 1 postinoculation,
gene sets in 5 of 6 strains were enriched for the glutathione path-
way (SMR was the exception). By day 3, the identified pathways
were similar among all 6 strains (see Fig. S1B in the supplemental
material), with significant P values for all the well-known path-
ways, including the cytokine-cytokine receptor interaction path-
way, Toll-like receptor pathway, NOD-like receptor pathway, and
chemokine signaling pathway. The increased expression of many
of these pathway-associated genes in all strains suggested that the
difference in resistance to H5N1 virus pathology is not due to a
defect in innate or antiviral immune signaling in the susceptible
strains. On the contrary, our analysis of the total number of genes
identified within a particular pathway (Fig. S1C) showed many
more upregulated genes in the DBA/2S and 129/SvImS strains than
in other strains. At day 7 postinfection, we found an enriched gene
expression profile in the resistant mouse strains that is associated
with systemic lupus erythematosus, cell adhesion molecules, the
antigen processing and presentation pathway, and the graft-
versus-host disease pathway. This profile is indicative of adequate
virus-specific T- and B-cell responses in these mice. In contrast,
the 3 susceptible strains continued to have many cytokine genes
upregulated, as evidenced by the low P value for the cytokine-
cytokine receptor interaction pathway (Fig. S1B and S1C; Ta-
ble S1).

Finally, we performed statistical analysis on the array data to
identify genes whose expression values correlated with the PCA
clustering observed on days 3 and 7 postinoculation (see Table S2
in the supplemental material). The majority of the 85 identified
genes belonged to proinflammatory pathways, including
cytokine-cytokine receptor pathways, the Jak-Stat pathway, and
innate sensing pathways like the Toll-like receptor pathway. To
summarize, the difference between resistant and susceptible

A

B

FIG 2 The hematopoietic component does not confer resistance in suscep-
tible strains. Chimeric DBA/2S mice containing bone marrow from resistant
(C57BL/6R or BALB/cR) or susceptible (DBA/2S) mice were inoculated with
104 EID50 (A) or 103 EID50 (B) of A/Hong Kong/213/03 virus and monitored
for morbidity and mortality for 21 days.
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strains is predominantly quantitative, with the excessive produc-
tion of proinflammatory cytokines in the susceptible strains most
likely affecting downstream induction of robust adaptive immune
responses. The overrepresentation of proinflammatory genes in
the susceptible strains is indicative of ongoing viral replication and
suggests higher replication rates and higher viral loads in these
strains.

Increased production of inflammatory mediators in suscep-
tible mouse strains. Many of the genes associated with severe
disease that were identified by expression analysis are considered
proinflammatory. Although inflammation is important for the
induction of an innate and adaptive immune response, too much
inflammation can be pathological and exacerbate disease. To val-
idate the expression data and demonstrate increased production
of proinflammatory mediators in the susceptible strains, we mea-
sured the production of CCL2, alpha interferon (IFN-�), IFN-�,
tumor necrosis factor alpha (TNF-�), CXCL2, and CSF3 after
inoculation with 104 EID50 in 3 susceptible mouse strains (DBA/
2S, 129/SvImS, and A/JS) and 3 resistant strains (SMR, C57BL/6R,
and BALB/cR). At day 3 postinfection, lung homogenates of sus-

ceptible strains contained significantly higher concentrations of
proinflammatory cytokines than did those of most of the resistant
strains (Fig. 4); however, intriguing patterns emerged. The con-
centration of CSF3 was significantly higher in all susceptible
strains and in the SMR strain, which, based on expression analysis,
clustered with the susceptible A/JS strain. A similar pattern was
found for IFN-� and IFN-�. In contrast, the production levels of
CCL2 and CXCL2 were significantly higher in the DBA/2S and
129/SvImS strains than in the other 4 strains. Finally, we found
significantly higher levels of TNF-� in the susceptible strains than
in the resistant strains. The production of certain cytokines, i.e.,
CCL2, TNF-�, and CXCL2, was significantly correlated with the
MLD50 (P � 0.01; R2 � 0.77, 0.96, and 0.72, respectively). These
results were similar to those identified earlier by array analysis.

Viral load determines the outcome after infection with the
HK213 virus. We hypothesized that increased pathogenicity cou-
pled with enhanced inflammation in the susceptible strains may
be the result of higher viral titers. To test this hypothesis, we quan-
tified the amount of infectious virus at days 2, 4, and 7 postinoc-
ulation with 104 EID50 of HK213 in the lungs of the 6 mouse

FIG 3 Principal component analysis identifies the gene expression profile associated with severity of H5N1 virus disease. Principal component analysis using
~26,000 probes in lung tissue RNA of DBA/2S, 129/SvImS, A/JS, SMR, C57BL/6R, and BALB/cR mice prior to infection (control) and on days 1, 3, and 7 after
inoculation with 104 EID50 of A/Hong Kong/213/03. Each dot represents the RNA expression profile of a single mouse. Colored circles indicate the three clusters
of highly susceptible (red), intermediate susceptible (blue), and resistant (green) mouse strains. The x, y, and z axes correspond to principal components 1, 2, and
3, respectively.
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strains used for expression and cytokine analysis. At day 2, the
virus titer ranged from 104.9 50% tissue culture infective doses
(TCID50)/ml in C57BL/6R and SMR strains to 106.5 TCID50/ml in
the DBA/2S strain (Table 1). The virus titer differed significantly
between susceptible and resistant strains (P � 0.05), and it corre-
lated well with the MLD50 (R2 � 0.70, P � 0.05). In addition, we
found significant associations between virus titer and MLD50 on
day 4 (R2 � 0.82, P � 0.05) and day 7 (R2 � 0.81, P � 0.05). To
estimate the viral burden over a period of 7 days, we calculated the
area under the curve (AUC) for all 6 strains; again, we found a
significant correlation with MLD50 (R2 � 0.87, P � 0.01).

To confirm the association between high viral load and in-

creased susceptibility, we applied computer-assisted immunohis-
tochemical analysis of lung tissue from 3 susceptible strains (DBA/
2S, 129/SvImS, and A/JS) and 2 resistant strains (C57BL/6R and
BALB/cR) to detect the frequency of influenza A virus
nucleoprotein-positive (NP�) nuclei in cross sections of an entire
formalin-fixed lung. Despite the small number of mice used in this
experiment, it was clear that the susceptible strains had more NP�

nuclei than did the resistant strains on days 2, 4, and 7 postinfec-
tion (see Table S3 in the supplemental material).

To demonstrate the effect of increased viral load on proinflam-
matory cytokine production and survival, we inoculated DBA/2S

and C57BL/6R mice with a 100-fold-higher dose (106 EID50). As
predicted, the production of CCL2 and TNF-� 3 dpi was signifi-
cantly higher (P � 0.01) (see Fig. S4 in the supplemental material)
in the mice inoculated with 106 EID50 than in the mice inoculated
with 104 EID50. More importantly, the amounts of CCL2 and
TNF-� produced in the lethally infected C57BL/6R mice were sim-
ilar to those found in DBA/2S mice infected with a much lower,
but for this strain similarly lethal, dose of 104 EID50.

Elevated production of proinflammatory mediators corre-
lates with increased viral load in susceptible mouse strains. The
newfound associations between viral loads, proinflammatory cy-
tokine production, and outcome after infection were confirmed
using quantitative real-time PCR on a select set of proinflamma-
tory mediators in conjunction with influenza A virus matrix RNA
species. Twenty-four hours postinoculation, the amount of influ-
enza virus RNA was significantly higher (analysis of variance

FIG 4 Elevated production of proinflammatory mediators in susceptible mouse strains after inoculation with H5N1 virus. Cytokine concentrations (pg/ml)
were measured in homogenized lung tissues of DBA/2S, 129/SvImS, A/JS, SMR, C57BL/6R, and BALB/cR mice 3 days after inoculation with highly pathogenic
A/Hong Kong/213/03 H5N1 virus. Bars represent mean cytokine production levels � SEMs. Statistical significance (P � 0.01) between the six mouse strains is
represented by letters above each column, with different letters signifying distinct statistical groups.

TABLE 1 Virus titers in the lungs of genetically diverse mouse strains
inoculated with A/Hong Kong/213/03 H5N1 virus

Mouse strain

Virus titera (log10 TCID50/ml)

Viral burdenb (AUC)Day 2 Day 4 Day 7

DBA/2S 6.5 5.7 4.8 34.6
129/SvImS 5.9 5.1 4.6 31.4
A/JS 5.8 5.0 4.0 30.0
SMR 4.9 4.6 3.2 26.1
C57BL/6R 4.9 5.0 3.6 27.8
BALB/cR 5.6 4.6 2.2 25.9
a Lung virus titers (50% tissue culture infectious doses [TCID50s]) at days 2, 4, and 7
after inoculation with 104 EID50 of A/Hong Kong/213/03 influenza virus are shown.
b Area under the curve (AUC) for influenza virus titers between days 0 and 7 after
inoculation with 104 EID50 of A/Hong Kong/213/03 influenza virus are shown.
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[ANOVA], P � 0.001) in the three susceptible strains DBA/2S,
129SvImS, and A/JS than in the two most resistant strains,
C57BL/6R and BALB/cR (Fig. 5A). Not surprisingly the reduced
viral load in the resistant strains minimized the production of
proinflammatory cytokines on day 3 (Fig. 4) and allowed these
two mouse strains to cluster at the transcriptional level (Fig. 3),
displaying a “normal” inflammatory response to the invading
pathogen. The third resistant strain, SMR, had a high viral RNA
load at 1 dpi similar to those of the susceptible strains and there-
fore clustered with a susceptible (A/JS) strain at the transcriptional
level and also produced more proinflammatory mediators.
Three days postinoculation, the resistant C57BL/6R and BALB/cR

strains continued to have smaller amounts of viral RNA (ANOVA,

P � 0.0001) than did the susceptible strains. In addition, the viral
load in the third resistant strain, SMR, was lower than those in all
three susceptible strains, providing further support for our hy-
pothesis that viral load dictates the pathogenic response to infec-
tion in genetically diverse mice. Interestingly, the increase in
amount of viral RNA between 1 and 3 dpi is significantly lower (P
� 0.01) in the resistant strains than in the susceptible strains
(Fig. 5B), confirming that lower viral load and early control of
viral replication are key to minimizing disease and promoting
survival.

To exclude the possibility that excessive production of cyto-
kines promotes virus replication and therefore increases the viral
load, we determined the mRNA levels of several proinflammatory

FIG 5 Viral load determines proinflammatory cytokine production in genetically diverse mice. (A) Higher viral load (��CT value) in susceptible mouse strains
(DBA/2S, 129SvImS, and A/JS) than in the resistant strains C57BL/6R and BALB/cR 1 and 3 days postinoculation (dpi) with 104 EID50 of H5N1 virus. Dots indicate
individual mice, and the average values � SEMs are indicated by the solid bars. (B) Resistant mouse strains (SMR, C57BL/6R, and BALB/cR) more effectively limit
virus replication between 1 and 3 dpi than do susceptible strains. Bars represent average fold increases in viral RNA � SEMs. (C) Higher viral load in susceptible
mouse strains plus SMR triggers an increase in production of proinflammatory mediators CCL2, IFN-�1, and TNF-� at 3 dpi (gray bars; P � 0.01) but not at 1
dpi (black bars; P � 0.05). Bars represent average ��CT values � SEMs.
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mediators after inoculation with H5N1 influenza A virus. On day
1 postinoculation, the increases in expression of ccl2, ifnb1, and
tnfa (threshold cycle [��CT] value) were similar between all 6
mouse strains (Fig. 5C; see also Fig. S3 in the supplemental mate-
rial), indicating that the production of proinflammatory cyto-
kines is not responsible for the observed difference in viral RNA at
3 dpi. At 3 dpi, the fold increase in mRNA associated with ccl2,
ifnb1, and tnfa was significantly lower (P � 0.001) in the resistant
strains C57BL/6R and BALB/cR than in the three susceptible
strains plus SM/JR, providing further support that early viral load
determines the inflammatory response and as such the outcome
after infection.

To demonstrate that the genetic differences do not affect the
production of proinflammatory cytokines per unit of viral RNA,
we computed the ratio between cytokine RNA and viral RNA
��CT values (see Fig. S3 in the supplemental material). At 1 and 3
dpi, the ratios for IFN-�1 were similar across all strains tested. For
the other cytokines, we observed significant differences in the ex-
pression ratios among the different mouse strains; however, lim-
ited evidence for an association of these differences with disease
severity or susceptibility to H5N1 virus infection was found. Com-
bined, these analyses suggest not that the increased susceptibility is
caused by an intrinsic difference in the response to infection but
rather that it is caused by a higher viral load inducing excessive
production of proinflammatory cytokines and hence increased
morbidity and mortality in the susceptible mouse strains.

DISCUSSION

Polymorphisms in the genome of the host play an important role
in the severity of infection with a highly pathogenic H5N1 influ-
enza A virus. The mechanism dictating the difference in H5N1
pathogenicities among genetically diverse hosts is, however, un-
known. Detailed analysis of 6 H5N1 virus-infected inbred mouse
strains demonstrated that the viral load is responsible for the
heightened inflammation in susceptible hosts. This produces a
pathogenic environment as early as 3 days postinoculation, ulti-
mately causing the host to succumb.

Several studies have compared high- and low-pathogenic in-
fluenza A viruses in various host species and, without exception,
identified a strong association between pathogenicity and exces-
sive production of proinflammatory mediators (16, 18–25). Two
possible mechanisms explain this difference: first, increased rep-
lication dynamics of the more pathogenic viruses may result in the
infection of more epithelial cells and subsequent production of
higher levels of cytokines. Second, altered intracellular signaling
properties of viral proteins (e.g., PB1-F2, NS1, or hemagglutinin
[HA]) of the pathogenic virus may trigger cells to produce more or
different cytokines. Although both of these mechanisms are likely
involved when comparing subtypes of influenza A viruses in a
single homogenous host species, it is not well understood how a
single highly pathogenic H5N1 virus produces such varied pathol-
ogies in genetically diverse hosts. Does the genetic change in sus-
ceptible hosts allow for increased replication dynamics or an al-
tered immune environment, or does it completely change the
hosts’ response to the pathogen independently of viral burden?

Based on the data presented, we conclude that the susceptible
host provides a milieu that allows for increased viral replication,
which subsequently induces the production of more proinflam-
matory cytokines and tissue damage and ultimately results in the
death of the animal. Although this study is the first of its kind,

detailed analysis of H5N1 virus-infected humans in Vietnam also
demonstrated a significant correlation between viral load, cyto-
kine concentration, and severity of disease (12), thereby support-
ing the conclusion that differences in pathogenesis within a single
host species are the result of variable replication dynamics.

The difference in viral load between susceptible and resistant
strains was presented very early after inoculation (24 to 48 h),
suggesting that the virus replication rate in the susceptible mouse
strains is higher than that in the resistant strains. At this point, it is
unclear whether this increase in replication rate is due to an inef-
ficient antiviral mechanism or to an increase in cell metabolism
and/or the availability of nutrients required for replication. The
observation that the viral load increased nearly 8-fold in the sus-
ceptible strains between 1 and 3 dpi compared to �4-fold in the
resistant strains suggests that the increased replication rate is
caused by one or more defective antiviral effector molecules in-
duced by the production of type I and II interferons shortly after
infection. Alternatively, there could be a difference in infectious
dose (50% infectious dose [ID50]) between the resistant and sus-
ceptible mouse strains due to variations such as the sialic acid
receptor content of the respiratory tract. Previously, we had
shown a 100% infection rate in a resistant strain and a susceptible
strain following inoculation with a very low dose of 100 EID50 of
HK213, suggesting that the ID50s are similar between resistant and
susceptible mice and that this is unlikely the reason for the differ-
ences observed.

The importance of replication kinetics or polymerase activity
in pathogenicity is well established (18, 26–30). The PB2E627K and
PB2D701N mutations are associated with increased polymerase ac-
tivity and faster replication; thus, viruses containing these muta-
tions are often more pathogenic in mice (18, 27, 31). Molecular
characterization of a variant PR8 virus adapted to induce severe
disease in Mx1-positive mice found several mutations in the poly-
merase complex that allowed the virus to grow faster and therefore
be more pathogenic than its wild-type counterpart (32). A recent
comparison of A/Hong Kong/483/97 and A/Hong Kong/486/97
H5N1 viruses also surmised that replication rate regulates disease
severity and the magnitude of the virus-specific CD8� T-cell re-
sponse (18). After low-dose infection, the HK483 virus harboring
a PB2 protein with a lysine residue at position 627 grew to signif-
icantly higher titers early during infection than did the variant
containing a glutamic acid at this position. This difference in viral
loads resulted in quantitative and qualitative differences in the
cytotoxic T-cell responses that could be reversed upon adminis-
tration of oseltamivir, a drug that limits viral replication. Com-
bined, these studies suggest that the replication rate of the virus
and hence viral load are responsible for the increase in inflamma-
tion and therefore pathogenesis of the virus. Reducing viral load
or replication rate will most likely reduce morbidity and mortality
upon infection.

As a result of the heightened viral load during the early stages of
infection, the immune response in susceptible mice is excessive
and can be detected within 3 days of infection. This relatively brief
period of time has implications for potential intervention strate-
gies for severe cases of influenza virus infection. It also explains the
relatively short time period during which current commercially
available antiviral therapy has proven effective. Similar observa-
tions have been made with monoclonal antibodies, whose treat-
ment window is 3 to 4 days postinfection (33, 34). The opportu-
nity to treat susceptible mice is much shorter (less than 1 day
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postinfection) than that for resistant strains of mice (3 days
postinfection [unpublished data]). In our study, one mouse strain
that displayed an intermediate pathogenic profile (SMR) recov-
ered from the infection. This finding indicates that with the right
treatment a pathogenic profile can be reversed and the animal can
survive.

Clues about what biological trait is important for survival of
influenza virus infection may be found in the A/JS and SMR

strains. Although the strains had similar pathogenic expression
profiles, the SMR mice survived the infection while the A/JS mice
did not. The absence of glutathione metabolism pathway-
associated gene expression in the SMR mice may provide us with a
mechanism for the difference in pathogenesis. Glutathione me-
tabolism gene transcription is initiated early after infection to re-
duce harmful reactive oxygen species (ROS). Mice lacking a func-
tional NADPH oxidase (Cybb-deficient mice) can no longer
produce ROS, and intranasal infection with influenza virus was
shown to increase the production of proinflammatory cytokines
and promote cellular infiltration into the lungs (35, 36). Despite
the increase in inflammation, Cybb-deficient mice had lower viral
loads and improved resolution of the infection, similar to what we
observed in SMR mice. As such, further studies to determine the
production of ROS and proinflammatory cytokines and to mea-
sure the induction of the glutathione metabolism response path-
way in activated macrophages of SMR and C57BL/6R mice would
be of interest. A lack of ROS production, minimal expression of
glutathione response genes, and reduced proinflammatory cyto-
kine production in the SM mouse macrophages will form the basis
for future studies into the role of ROS in influenza virus patho-
genesis. An alternative explanation is the presence of one or more
genetic changes affecting viral clearance. An example of this is the
hemolytic complement (Hc) gene, which affects T-cell responses
and therefore viral load at later time points during infection. The
SMR strain expresses a fully functional Hc gene; thus, viral load is
reduced, inflammation is limited, and the animals are more likely
to survive infection than are A/JS mice, which do not express a
fully functional Hc gene.

Although the susceptible strains and SMR produced large
amounts of proinflammatory cytokines (e.g., IFN-� and CSF3),
certain cytokines were predominantly produced in the extremely
susceptible strains such as DBA/2S and 129/SvImS. The excessive
production of certain proinflammatory mediators such as CSF3
and type I interferons may cause a mild, controllable form of
inflammation, though the addition of a second signal such as
CCL2 and/or TNF-� may create an uncontrollable cascade of
events resulting in tissue damage and diminished adaptive im-
mune responses in these mice. Results from in vitro experiments
suggest that IFN-� and TNF-� act synergistically to induce a re-
sponse quantitatively and qualitatively different from that of ei-
ther cytokine alone (37, 38). Also, TNF-� affects morbidity after
H5N1 virus infection (17, 39).

While the current study focused on identifying the mechanism
of severe disease, e.g., virus replication, there is obvious merit in
identifying the specific genetic polymorphisms responsible for
this phenotype. The MLD50 curve for highly pathogenic H5N1
virus (Fig. 1) suggests that several genetic polymorphisms are in-
volved. A similar complexity was previously identified with the
recombinant inbred BXD strain family, in which 3 genetic loci
contribute to the response to influenza virus infection (40). To
identify the responsible polymorphisms, genetic tools like the

BXD RI strains, consomic strain sets, or the Collaborative Cross
will be extremely useful (41–44). Several of the candidate genes
identified in our earlier BXD study were evaluated for their asso-
ciation with disease severity in our larger mouse panel using the
available single nucleotide polymorphism (SNP) data. Hemolytic
complement, on Qivr2, did not differentiate the resistant and sus-
ceptible mouse strains. Qivr7 contains several potential antiviral
genes (Trim genes); however, there are not enough public SNP
data available to do the analysis. The candidate genes on Qivr11
(Grn, Ifi35, and Dhx58) all associated significantly (P � 0.01) with
disease severity and are currently under investigation for their role
in influenza virus pathogenesis. Finally, none of the candidate
genes on Qivr17 (Xdh, Eif2ak2, Emilin2, and Nlrc4) separated with
our phenotype.

In conclusion, gene polymorphisms in the genome of the in-
fected host can have a profound impact on the course of an H5N1
influenza virus infection. Although featured as too much inflam-
mation with excessive production of proinflammatory cytokines,
the pathogenicity of influenza virus infection is rooted in in-
creased virus titers in the lungs of the susceptible hosts.

MATERIALS AND METHODS
Inbred mouse strains and influenza A virus. Female mice (6 to 8 weeks
old) from the following strains were purchased from Jackson Laboratories
(Bar Harbor, ME) and housed in the Animal Resource Center at St. Jude
Children’s Research Hospital: C57BL/6J (stock no. 664), BALB/cJ (stock
no. 651), SM/J (stock no. 687), DBA/2J (stock no. 671), FVB/NJ (stock no.
1800), LP/J (stock no. 676), NZB/BlnJ (stock no. 684), C3H/HeJ (stock
no. 659), BALB/cByJ (stock no. 1026), AKR/J (stock no. 648), B10.D2-H2/
oSnJ (stock no. 461), A/J (stock no. 646), A/HeJ (stock no. 645), 129/
SvImJ (stock no. 2448), MRL/MpJ (stock no. 486), NZW/LacJ (stock no.
1058), BTBR T� tf/J (stock no. 2282), KK/HlJ (stock no. 2106), 129X1/
SvJ (stock no. 691), DBA/1J (stock no. 670), and NOD/ShiLtJ (stock no.
1976). Strain selection was based on representation in large mouse genetic
databases like Haplotype Mapping by Roche Pharmaceuticals, Ancestry
Mapping by Perlegen, and full-genome sequencing by the Sanger Institute
(45–47). The mice received water and food ad libitum, and all experimen-
tal procedures were approved by the Animal Care and Use Committee of
St. Jude Children’s Research Hospital.

A reverse genetics variant of A/Hong Kong/213/03, a highly patho-
genic H5N1 influenza A virus, was propagated in 10-day-old embryo-
nated chicken eggs. The allantoic fluid containing the infectious virus was
harvested, and the infectious virus titer was determined in eggs. The
A/Hong Kong/213/03 virus (H5N1) variant contains 7 segments of
A/Hong Kong/213/03 and 1 segment of A/Chicken/Hong Kong/52/03
H5N1 virus (40). This virus is referred to as HK213 throughout the paper.

Influenza A virus infection of mice. Experimental inoculation of mice
with HK213 virus was done intranasally in 30 �l phosphate-buffered sa-
line (PBS) as described previously (40, 48). MLD50 experiments were
repeated, and the reported results were calculated from the cumulative
results.

Generation of bone marrow chimera DBA/2 mice. CD4� and CD8�

cells were depleted in vivo after intraperitoneal (i.p.) injection of DBA/2S,
C57BL/6R, and BALB/cR donor mice with anti-CD4 and anti-CD8 anti-
bodies. BM was then collected from the femurs of these mice, and approx-
imately 6 million cells were injected intravenously into 9-Gy-irradiated
DBA/2S mice. The mice were treated with Sulfatrim for 3.5 weeks to pre-
vent any opportunistic infection.

At 12 weeks postengraftment, a small volume of peripheral blood was
collected and subjected to flow cytometric analysis to test for the expres-
sion of cell surface markers of the respective donor mouse strains. In the
C57BL/6R BM-recipient mice, we measured the percentage of H-2b�

(C57BL/6) and H-2k� (DBA/2) cells within the CD3� T-cell population.
In the BALB/cR BM-recipient mice, we measured the percentage of
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CD22.1� (DBA/2) and CD22.2� (BALB/c) cells within the CD19� T-cell
population. Animals in which more than 90% of the T or B cells were
donor-derived cells were considered successful BM chimeras.

Lung viral titers and immunohistochemistry. Following intranasal
inoculation with 104 EID50 of HK213 virus, lungs were harvested on days
2, 4, and 7 postinfection, and virus titers were determined on Madin-
Darby canine kidney cells (40). At each time point, 4 to 6 animals from
each mouse strain were used. The average virus titer was calculated, and
the AUC was calculated between days 0 and 7 postinfection.

Immunohistochemical analysis was performed on formalin-fixed
lung tissue harvested from HK213 virus-infected or uninfected DBA/2S,
129/SvImS, A/JS, C57BL/6R, and BALB/cR mice, as described previously
(40). Digital images were obtained with a ScanScope (Aperio, Vista, CA),
and the percentage of NP-positive nuclei was determined with ImageS-
cope (Aperio, Vista, CA) using a nucleus-based algorithm.

Cytokine analysis. Lungs from 6 strains of mice inoculated with 104

EID50 of HK213 virus were harvested on day 3 postinfection and homog-
enized in 1.0 ml PBS for two 30-s intervals at 30 Hz (TissueLyser II;
Qiagen, Valencia, CA). After centrifugation for 30 s at 16,000 � g, the
supernatant was collected, divided into aliquots, and stored at �80°C.
The homogenates were subsequently thawed to quantify the amounts of
CCL2, TNF-�, CSF3, and CXCL2 in the lungs of infected animals by using
Quantikine enzyme-linked immunosorbent assay (ELISA) kits (R&D Sys-
tems, Minneapolis, MN). The amounts of IFN-� and -� in the lung were
determined with the respective ELISA kits (PBL Laboratories, Piscataway,
NJ). For each cytokine at a given time point, 4 to 6 animals were tested,
and the average concentration � standard error of the mean (SEM) is
reported.

RNA isolation and functional genomics. Six mouse strains, DBA/2S,
129SvImS, A/JS, SMR, C57BL/6R, and BALB/cR, were selected for an ex-
tensive RNA expression analysis before and after inoculation with 104

EID50 of HK213 virus. Lungs were isolated in 2 batches from uninfected
mice and infected mice at days 1, 3, and 7 postinfection. RNA was ex-
tracted using TRIzol (Invitrogen, Carlsbad, CA), as previously reported
(40) and submitted to a DNA cleanup protocol (Qiagen). Next, microar-
ray analysis was done on RNA obtained from DBA/2S, 129SvImS, A/JS,
SMR, C57BL/6R, and BALB/cR mice, using Illumina MouseWG-6 v1.1
Expression BeadChips (Illumina, San Diego, CA). PCA analysis identified
a large batch effect; however, both batches included uninfected samples,
which allowed us to calculate fold differences in gene expression. Also,
batches were done according to the day postinfection, and all 6 strains
were assessed simultaneously for each day.

Before analysis, probes without a signal (i.e., detection P value of
�0.05) in any of the 104 samples were removed from the data set. Signal
values were ln-start transformed, ln(signal � 20), to stabilize variance
across the range of intensities and approximate normalities in preparation
for parametric tests. Using Partek Genomics Suite 6.3, we visualized the
structure of the data via PCA. As a result of the complexity of the disease,
we compared expression patterns of genes up- or downregulated in most
of the susceptible or resistant strains. For a gene to qualify for an individ-
ual strain, we required a 2-fold increase or decrease in expression in the
majority of the individual samples for that strain on that day. Once a gene
qualified for a particular strain, we next assessed whether that gene was
shared among the majority of the resistant or susceptible (2/3 or 3/4)
mouse strains. Pathway analysis was performed using the online bioinfor-
matics tool DAVID (49).

Quantitative real-time PCR. Samples of cDNA were prepared from
lung tissue RNA (200 ng) by using Superscript III (Invitrogen) and random
hexamers and used for quantitative real-time PCR. The CT values for murine
interleukin-6 (IL-6) (Mm00446190_m1), CCL2 (Mm00441242_m1), CCL4
(Mm00443111_m1), IFN-�1 (Mm00439552_s1), TNF-�
(Mm99999068_m1), CSF3 (Mm00438334_m1), and �-actin were deter-
mined using commercially available primer-probe pairs from Applied Bio-
systems (Foster City, CA). To quantify the amount of virus in each RNA
sample, we used the cDNA prepared with random hexamers in combination

with a primer probe mix that was specific for the matrix gene (50). Baseline
levels of each cytokine (�CT value) were determined after normalization
against �-actin, and the increase in expression (��CT value) was calculated.
No RNA species for IFN-�1, CSF3, or influenza virus matrix RNA were de-
tected prior to infection. To calculate the increase, we used a CT value of 40 for
the uninfected samples. RNA samples (n � 3 to 4) were tested for each strain
and time point prior to or after infection with HK213 virus.

Statistical analysis. Statistical analysis of differences in lung virus ti-
ters was determined by a Student t test following ln transformation of the
data. Cytokine and chemokine production and quantitative PCR results
were analyzed using a Student t test or ANOVA when comparing more
than two groups. For Fig. 4, statistical significance between the six mouse
strains is represented by letters above each column, with different letters
signifying distinct statistical groups. Linear regression analyses were done
to analyze the viral load (log10 TCID50/ml and ��CT value) with MLD50

(log10 EID50). P values less than 0.05 were considered significant.
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Genome-wide analysis of the mouse lung
transcriptome reveals novel molecular gene
interaction networks and cell-specific
expression signatures
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Abstract

Background: The lung is critical in surveillance and initial defense against pathogens. In humans, as in mice,
individual genetic differences strongly modulate pulmonary responses to infectious agents, severity of lung disease,
and potential allergic reactions. In a first step towards understanding genetic predisposition and pulmonary
molecular networks that underlie individual differences in disease vulnerability, we performed a global analysis of
normative lung gene expression levels in inbred mouse strains and a large family of BXD strains that are widely
used for systems genetics. Our goal is to provide a key community resource on the genetics of the normative lung
transcriptome that can serve as a foundation for experimental analysis and allow predicting genetic predisposition
and response to pathogens, allergens, and xenobiotics.

Methods: Steady-state polyA+ mRNA levels were assayed across a diverse and fully genotyped panel of 57
isogenic strains using the Affymetrix M430 2.0 array. Correlations of expression levels between genes were
determined. Global expression QTL (eQTL) analysis and network covariance analysis was performed using tools and
resources in GeneNetwork http://www.genenetwork.org.

Results: Expression values were highly variable across strains and in many cases exhibited a high heri-tability
factor. Several genes which showed a restricted expression to lung tissue were identified. Using correlations
between gene expression values across all strains, we defined and extended memberships of several important
molecular networks in the lung. Furthermore, we were able to extract signatures of immune cell subpopulations
and characterize co-variation and shared genetic modulation. Known QTL regions for respiratory infection
susceptibility were investigated and several cis-eQTL genes were identified. Numerous cis- and trans-regulated
transcripts and chromosomal intervals with strong regulatory activity were mapped. The Cyp1a1 P450 transcript
had a strong trans-acting eQTL (LOD 11.8) on Chr 12 at 36 ± 1 Mb. This interval contains the transcription factor
Ahr that has a critical mis-sense allele in the DBA/2J haplotype and evidently modulates transcriptional activation
by AhR.

Conclusions: Large-scale gene expression analyses in genetic reference populations revealed lung-specific and
immune-cell gene expression profiles and suggested specific gene regulatory interactions.
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Background
The lung is the first line of defense against many patho-
gens and inhaled xenobiotics and is therefore a key part
of the immune system. Host defense is strongly influ-
enced by genetic differences and several studies have
shown that the genetic background and sequence differ-
ence among humans and other host species modulate
susceptibility and resistance to infectious diseases, aller-
gens, and xenobiotics. Systems genetics is a modern
extension of complex trait analysis that jointly analyzes
and integrates large sets of genotypes and phenotypes to
explain and predict variation in outcome measures and
disease severity (for review see [1,2]). A typical systems
genetics study relies on extensive single nucleotide poly-
morphism (SNP) data sets, matched data on RNA
expression in key cells, tissues, or organs and a core set
of key dependent measures such as disease susceptibility
[3]. These data are collected across a panel or popula-
tion of genetically diverse individuals or strains. This
group of individuals represents a natural genetic pertur-
bation, with well defined genotype and haplotype differ-
ences comprising the “treatment.” The independent
measurements in this case can consist either of the gen-
otype or of crucial intervening variables such as the
expression of genes and proteins.
In this study, we exploited a very well characterized

panel of inbred strains of mice (a mouse genetic refer-
ence panel) that consists of two parts–a small set of
standard inbred strains and a larger family of BXD type
recombinant inbred strains. The genome of each BXD
strain represents a mixture of the C57BL/6J and DBA/2J
parental background and is homozygous at almost every
genomic location. The genomic make-up of each BXD
line has been determined by extensive mapping with
molecular markers. After performing microarray expres-
sion analysis for each of the BXD mice, the expression
level of each gene can be used as a quantitative trait (e.
g. [4-6]). By comparing these expression values for all
BXD mice with their molecular markers data along the
genome, genomic expression quantitative trait loci
(eQTL) can be identified that are likely to regulate the
expression of one or several genes [2,5,7-12]. When an
eQTL is located at the same genomic position as the
gene itself (within a 10Mb interval of the gene) it is con-
sidered as a cis-eQTL. In this case, variations in the pro-
moter sequence or in elements that determine the
stability of the mRNA of the gene are the most likely
causes for the observed differences in expression levels.
If the eQTL is at a distant location from the regulated
gene, the eQTL is referred to as a trans-eQTL.
Here, we performed a global gene expression analysis

from the lungs of 47 BXD and eight widely used inbred
strains. The aim of our study was to reveal genes and
gene networks in mouse lung in steady state condition.

We found that many genes had high variation in expres-
sion and that often this variation was highly heritable.
This allowed us to identify many cis- and trans-eQTLs.
In addition, we used the correlation structure in the
data to obtain expression signatures for specific cell
types within the lung.

Methods
Mouse strains and sample preparation
C57BL/6J, BALB/cByJ, FVB/NJ, and WSB/EiJ, as well as
B6D2F1 and D2B6F1 lines were obtained from the Uni-
versity of Tennessee Health Science Center (UTHSC).
DBA/2J, 129X1/SvJ, LP/J and SJL/J were obtained from
The Jackson Laboratory. Mice from 38 BXD recombi-
nant inbred strains were obtained from UTHSC and
mice from nine BXD strains were obtained from The
Jackson Laboratory. All animals were housed at UTHSC
before sacrifice. Mice were killed by cervical dislocation
and whole lungs including blood were removed and
placed in RNAlater. Total RNA was extracted from the
lungs using RNA STAT-60 (Tel-Test Inc.). RNA from
two to five animals per strain were pooled and used for
gene expression analysis. Animals used in this study
were between 49 and 93 days of age. All inbred strains
were profiled for both sexes, and for a given BXD strain
either males or females were used. Mice were main-
tained under specific pathogen free conditions. All pro-
tocols involving mice were approved by the UTHSC
Animal Care and Use Committee.

Microarray analysis
Gene expression profiling was performed using Affyme-
trix GeneChip Mouse Genome 430 2.0 Arrays at
UTHSC. Samples were amplified according to the
recommended protocols by the manufacturer (Affyme-
trix, Santa Clara, CA, USA). In all cases, 4-5 μg of each
biotinylated cRNA preparation was fragmented and
included in a hybridization cocktail containing four bio-
tinylated hybridization controls (BioB, BioC, BioD, and
Cre), as recommended by the manufacturer. Samples
were hybridized for 16 hours. After hybridization, Gene-
Chips were washed, stained with SAPE, and read using
an Affymetrix GeneChip fluidic station and scanner.

Data preprocessing and analysis
Data analysis was performed using the GeneNetwork
web service [13], a large resource with phenotypes and
mRNA expression data for several genetic reference
populations and multiple organisms. The expression
data were preprocessed like all other datasets in Gene-
Network: adding an offset of 1 unit to each signal inten-
sity value to ensure that the logarithm of all values were
positive, computing the log2 value, performing a quan-
tile normalization of the log2 values for the total set of
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arrays using the same initial steps used by the RMA
transform [14], computing the Z scores for each cell
value, multiplying all Z scores by 2 and adding 8 to the
value of all Z scores. The advantage of this variant of a
Z transformation is that all values are positive and that
1 unit represents approximately a 2-fold difference in
expression as determined using the spike-in control
probe sets (see [8] for details). For correlation analyses
we used Pearson’s correlation unless otherwise stated.
Heritability was determined using ANOVA with one
factor mouse strain, and by dividing the mean between-
mouse-strain variance by the sum of the mean between-
mouse strain variance plus the mean within-strain
variance.

QTL Mapping and expression analyses
All probe sets were mapped using standard interval
mapping methods at 1 cM intervals (~2 Mb) along all
autosomes and the X chromosome. This procedure gen-
erates estimates of linkage between variation in tran-
script expression levels and chromosomal location. The
entire set of values can be used to construct a set of
QTL maps for all chromosomes (except Chr Y and the
mitochondrial genome) in which position is plotted on
the x-axis and the strength of linkage–the likelihood
ratio statistic (LRS) or log of the odds ratio (LOD)-is
plotted on the y-axis. An LRS of 18 or higher is signifi-
cant at a genome-wide p value of < 0.5. To compute
LRS values we exploited the computationally efficient
Haley-Knott regression equations [15] and a set of 3796
SNPs and microsatellite markers that we and others
have genotyped over the past decade [16,17]. In order to
rapidly map all 45,101 probe sets we used our custo-
mized QTL Reaper code http://qtlreaper.sourceforge.
net/. QTL Reaper performs up to a million permuta-
tions of an expression trait to calculate the genome-
wide empirical p value and the LRS scores associated
with each interval or marker. The peak linkage value
and position was databased in GeneNetwork and users
can rapidly retrieve and view these mapping results for
any probe set. Any of the QTL maps can also be rapidly
regenerated using the same Haley-Knott methods, again
using functions imbedded in GeneNetwork. GeneNet-
work also enable a search for epistatic interactions (pair
scanning function) and composite interval mapping with
control for a single marker.

Data quality control
We used two simple but effective methods to confirm
correct sample identification of all data entered into
GeneNetwork. Expression of the Xist transcript (probe
set 1427262_at) was used to validate the sex of the sam-
ple. Xist is involved in the inactivation of one X chro-
mosome in females [18] and is only expressed at high

levels in females. Other genes that show strong sex-spe-
cific expression are Eif2s3y, Jarid1d and Ddx3y. In addi-
tion, we investigated several genes that exhibit a
strongly bimodal Mendelian expression pattern, meaning
that one parental allele exhibits a high expression level
whereas the other allele exhibits a low expression and
only the F1 hybrids are intermediate. The expression
level of such transcripts is directly correlated with the
genotype at this locus and they can collectively be used
to confirm sample genotype and hence strain. For exam-
ple, expression of the Rpgrip1 transcript (probe set
1421144_at) has a distinctly bimodal distribution, inter-
mediate values for F1 animals, and is associated with a
LOD score peak of 50 that corresponds precisely to the
location of the cognate gene on Chr 14 at 52.5 Mb.

Results
Variation in gene expression
The Affymetrix M430 2.0 array that we used includes
45,101 probe sets and provides consensus estimates of
expression for the vast majority of all protein coding
genes. Table 1 gives an overview of the range of varia-
tion across strains in each of the probe sets used. Strik-
ingly, more than 2,000 genes showed a range of
expression that was larger than four-fold different
between the strain with the lowest and the highest
expression. Among the genes with the most extreme
range in expression levels were Krt4 (keratin 4), Krt13
(keratin 13) and Krtdap (keratinocyte differentiation
associated protein). Another gene with highly variable
expression was Cftr (cystic fibrosis transmembrane con-
ductance regulator homolog). This important lung dis-
ease-causing gene showed a four-fold variation in
expression levels between strains. Several other genes
with high variation were sex-specifically expressed
genes, like Xist (inactive X specific transcripts), Ddx3y
(DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked)
and Serpina1b (serine (or cysteine) preptidase inhibitor,
clade A, member 1B).

Table 1 Variation in gene expression for 45,101 probe
sets.

Fold change range Log2 range No. of genes

1-2 0-1 30,392

2-4 1-2 11,965

4-8 2-3 1,980

8-16 3-4 498

16-32 4-5 132

32-64 5-6 60

64-inf 6-inf 42

Fold changes between the lowest and highest expressed mouse stains per
probe sets were cal-culated and divided in seven bins. The corresponding
range on log2 scale and the amount of genes in each range are given.
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Heritability of variation in gene expression
To investigate to which extent the variation in expres-
sion was due to genetic effects, we calculated the herit-
ability for each of the genes, which is the fraction of
variation in expression caused by genetics. The heritabil-
ity values ranged from as high as 0.96 (most of the var-
iance was associated with between-strain differences)
until as low as 0.01. Genes with the largest heritability
were Cdk17/Pctk2 (cyclin-dependent kinase 17, probe
set 1446130_at), Gm1337 (predicted gene 1337,
1443287_at) and Pdxdc1/KIAA0251 (pyridoxal-depen-
dent decarboxylase domain containing 1, 1452705_at),
all having a value above 0.99. High heritability values
indicate that it is likely to successfully map QTLs that
influence gene expression values.

Lung-specific genes
The large dataset in GeneNetwork and its built-in fea-
tures allowed us to compare the gene ex-pression pat-
terns in the lung with data from 25 other tissues. First,
we identified the most highly expressed genes in lung
(Table 2 lists the 15 highest expression signals). Two of
these genes were highly restricted to the lung and tra-
chea: Sftpc (surfactant associated protein C) and Ager
(advanced glycosylation end product-specific receptor)
(Figure 1A, B) whereas Scgb1a1 (secretoglobin, family
1A, member 1 (uteroglobin)) was highly expressed in
lung but also showed expression in some other tissues
(Figure 1C). On the other hand, Hba-a1 (hemoglobin
alpha, adult chain 1) was expressed at high levels in
most tissues (Figure 1D). We then used Stfpc in a tissue

Figure 1 Tissue distribution in 25 other tissues of some of the most highly expressed genes in the lung. The expression levels for (A)
Stpc, (B) Ager, (C) Scgb1a1 and (D) Hba-a1 in different tissues are shown. Please note that in this representation the gene is correlated with itself
to illustrate only its issue distribution.
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correlation analysis to identify other genes that may not
be as highly expressed but still be restricted to lung tis-
sue. The first 70 probe sets found were then analyzed as
above for lung-specific expression, and 15 genes were
identified (Table 3). A comparison to the expression
patterns described in the BioGPS database [19] con-
firmed that the majority was only expressed in lung,
most of them at high level. Two genes were not
restricted to the lung according to BioGPS, and five
genes were also found at lower levels in one other tissue
(Table 3).

Identification of gene networks using correlations
The large data set for expression values for ~39,000
transcripts in 57 mouse strains allowed us to calculate
correlations between any pair of genes. A Spearman
rank correlation analysis identified 12,985 pairs of genes
with a correlation value above 0.8, and 604 pairs showed
a correlation value of 0.9 or higher. For example, the
expression of Klra3 (killer cell lectin-like receptor

subfamilily A, member 3) was strongly correlated with
the expression of Gzma (granzyme A) (Figure 2A).
Klra3 also appeared to be strongly correlated with
Il18rap (interleukin 18 receptor accessory protein,
Figure 2B). We then calculated the first principal com-
ponent of the Klra3, Gzma, Il18rap and Klrg1 (killer cell
lectin-like receptor subfamily G, member 1) genes and
used it to determine the correlations with all other
genes in the lung data set. In this way, we could identify
a network of nine genes exhibiting a correlation of >=
0.8 with this principal component (Figure 2C). One of
the newly identified genes was Prf1 (perforin 1) which
was correlated with a p-value of < 10-16 with the princi-
pal component (Figure 2D). If genes exhibit a strong
correlation of their expression values, one may hypothe-
size that they are involved in the same biological process
or pathway, or they may be expressed in the same cell
type.
In a similar way, we identified another gene network

of 20 genes that exhibited very high correlations of their

Table 2 List of 15 probe sets with highest expression signals in the lung

Probe set Symbol Description Location
(Chr, Mb)

Mean
Expr

Tissue-specific
expression

1428361_x_at Hba-a1 hemoglobin alpha, adult chain 1 Chr11:
32.184441

15,10 MT

1418639_at Sftpc surfactant associated protein C Chr14:
70.920826

14,92 LS

1452543_a_at Scgb1a1 secretoglobin, family 1A, member 1 (uteroglobin) Chr19:
9.158206

14,78 LHOT

1417184_s_at Hbb-b2 hemoglobin, beta adult minor chain Chr7:
110.976103

14,74 MT

1441958_s_at Ager advanced glycosylation end product-specific receptor Chr17:
34.737745

14,69 LS

AFFX-b-
ActinMur/
M12481
_3_at

Actb actin beta, cytoplasmic Chr5:
143.665528

14,67 MT

1452757_s_at Hba-a1 hemoglobin alpha, adult chain 1 Chr11:
32.196742

14,66 MT

1416642_a_at Tpt1 tumor protein, translationally-controlled 1 Chr14:
76.246098

14,62 MT

1418509_at Cbr2 carbonyl reductase 2 Chr11:
120.628111

14,62 LHOT

1436996_x_at Lzp-s P lysozyme structural and lysozyme Chr10:
116.724902

14,62 ND

1416624_a_at Uba52 ubiquitin A-52 residue ribosomal protein fusion product 1 Chr8:
73.032191

14,58 MT

1427021_s_at Fth1 ferritin heavy chain 1 Chr19:
10.057382

14,57 ND

AFFX-
MURINE_B2_at

B2 AFFX-MURINE_B2_at short interspersed nuclear element (SINE) class of repeat
(probes target Chr 1 and Chr 2 most heavily)

N/A 14,52 ND

1415906_at Tmsb4x thymosin, beta 4, X chromosome ChrX:
163.645132

14,51 MT

1449436_s_at Ubb ubiquitin B Chr11:
62.366564

14,50 MT

Mean Expr: mean expression in lung for BXD strains. LS: lung specific expression, LHOT: highly expressed in lung but also in other tissues, MT: expressed in many
tissues or mainly in non-lung tissues, ND: no data for other tissues than lung available.
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expression levels across all mouse strains. All possible
pairs of genes in this network showed a correlation
above 0.95 (Figure 3). The network contained two kera-
tin genes, Krt4 (keratin 4) and Krt13 (keratin 13) and
genes involved in cytoskeleton functions, again pointing
to a possible interaction of these genes in the same
pathway or biological process. Further gene networks
found by correlation studies were related to B and T
cells (see below).

Correlation analysis identified gene expression signatures
for T and B cells
The hemoglobin genes Hba-a1 (hemoglobin alpha, adult
chain 1) and Hbb-b2 (hemoglobin beta, adult minor
chain) were among the top 10 genes with highest
expression values in our lung data set. The high levels
of hemoglobin transcripts suggested that circulating
blood cells, including immune cells, may also be ana-
lyzed in our data set. Therefore, we investigated the
gene expression networks of known immune cell

markers, e.g. Cd3 genes as specific markers for T cells.
We calculated the correlations of Cd3d (Cd3 antigen,
delta polypeptide) expression levels over all BXD lines
with all other genes. This analysis revealed 20 genes
with a very highly correlated expression value (p-value
below 10-14, Figure 4). Most of these genes were known
T cell markers or involved in T cell regulation. Eight
out of the 12 genes with the strongest correlations were
also exclusively expressed in T cells according to the
BioGPS database (Wu et al., 2009): Cd3d, Itk, Tcrb-13V
Cd3e, Cd3g, Scap1, Cd6 and Cd5 (see Figure 4 for full
gene names). Similarly, we searched for B cell-specific
signatures starting with the B cell marker gene Cd19
(CD19 antigen). The probe set “1450570_a_at” detected
Cd19 mRNA levels and showed a mean expression level
of 9.3. We found 14 probe sets with a correlation above
0.80 (p-value < 10-14, Figure 5). A comparison with the
BioGPS database revealed that eight of them, Cd19,
Cd79b, Faim3, Cd79a, Blk, B3gnt5, Cd22 and Blr1 (see
Figure 5 for full gene names) were also exclusively

Table 3 List of genes with lung-restricted expression found by tissue correlation analysis with Sftpc

Probe set Symbol Description Location
(Chr, Mb)

Mean
Expr

BioGPS expression

1418639_at Sftpc surfactant associated protein C Chr14:
70.920826

14,92 high in lung, low in nucleus
accumbens

1437028_at Sftpb surfactant associated protein B (nonciliated bronchiolar and
alveolar type 2 cell signature)

Chr6:
72.260763

13,68 high in lung only

1422334_a_at Sftpa1 surfactant associated protein A1 Chr14:
41.946994

14,24 high in lung only

1422346_at Nkx2-1
(Titf1)

thyroid transcription factor 1 Chr12:
57.634187

8,07 lung only

1417057_a_at Lamp3 lysosomal-associated membrane protein 3 Chr16:
19.653875

12,09 high in lung, low in ES cells and
some cell lines

1421404_at Cxcl15 chemokine (C-X-C motif) ligand 15 Chr5:
91.230349

13,87 high in lung only

1441958_s_at Ager advanced glycosylation end product-specific receptor Chr17:
34.737745

14,69 high in lung only

1436787_x_at Sec14l3 SEC14-like protein 3 Chr11:
3.978573

13,21 only data for human available -
not lung specific

1425218_a_at Scgb3a2 secretoglobin, family 3A, member 2 Chr18:
43.924081

14,17 high in lung only

1449428_at Cldn18 claudin 18 Chr9:
99.591247

12,70 highest in lung, lower in stomach

1449525_at Fmo3 flavin containing monooxygenase 3 Chr1:
164.884088

10,90 high in lung, maybe weak in
some other tissues

1425814_a_at Calcrl calcitonin receptor-like Chr2:
84.170818

12,91 high in lung, weak in
macrophages

1421373_at Cox4i2 cytochrome c oxidase subunit IV isoform 2 Chr2:
152.582819

9,24 not specific for lung

1419699_at Scgb3a1 secretoglobin, family 3A, member 1 Chr11:
49.477871

13,68 high in lung only

1451604_a_at Acvrl1 activin A receptor, type II-like 1 Chr15:
100.968668

11,86 high in lung only

1420347_at Plunc palate, lung, and nasal epithelium carcinoma associated Chr2:
153.973359

13,42 high in lung, low in heart

Mean Expr: mean expression in lung for BXD strains. BioGPS: evaluation of expression pattern as described in BioGPS.
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expressed in B cells. Therefore, these genes can be con-
sidered as T and B cell signature genes which may be
used to follow the presence and infiltration of T and B
cells in the lung under normal and pathological
conditions.

Identification of candidate genes regulating phenotypic
traits in the lung
Once a QTL for a phenotypic trait has been found, it
will be important to identify the underlying quantitative
gene (QTG) which is causing the variation. Searching
cis-eQTLs in the QTL interval represents one suitable
approach [8]. As a prototype for this approach in our
lung data set, we examined two traits for which lung
phenotypes were studied in the BXD population and

which were available in GeneNetwork. Boon et al. [20]
described several QTLs for the susceptibility of BXD
mice to influenza A infections. We analyzed one signifi-
cant QTL peak on chromosome 2 and two suggestive
peaks on chromosomes 7 and 17. Seven cis-eQTL regu-
lated genes were found in the chromosome 2 QTL
interval (Table 4), including the Hc (hemolytic comple-
ment) gene which was shown to contribute to influenza
susceptibility [20]. The analysis of the QTL region on
chromosome 7 revealed 12 cis-regulated genes in the
lung, including Trim12 (tripartite motif protein 12) and
Trim34 (tripartite motif protein 34) which were also
described as potential candidate QTGs by [20]. In the
chromosome 17 QTL region, we found 17 cis-eQTL
genes, of which Prkcn (protein kinase C, nu), Qpct

Figure 2 Expression signals for strongly correlated genes in the lung. Numbers indicate BXD strains, and the parental C57BL/6J and DBA/2J
strains as well as F1 individuals are presented. Expression signals of (A) Klra3 and Gzma (p < 10-16) and (B) Klra3 versus Il18rap (p < 10-11) were
strongly correlated. (C) List of nine genes highly correlated with the first principal component of the expression of Gzma, Klrg1, Klra3 and Il18rap.
(D) Strong correlation between the first principal component and Prf1 (p < 10-16). X- and Y-axis of the plots show the names of genes used for
the analysis.
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(glutaminyl-peptide cyclotransferase (glutaminyl cyclase)
and Mta3 (metastasis associated 3) were suggested as
potential QTGs by [20]. Another lung-specific pheno-
type in the GeneNetwork database is “Mycoplasmosis
susceptibility, alveolar exudate” (GeneNetwork ID

10692, [21] and Cartner et al. unpublished). This trait
showed a significant QTL on chromosome 10, between
105 and 130 Mb. The analysis of our lung expression
data revealed 16 cis-eQTLs in the genomic interval
(Table 5). Three of the cis-QTL genes have been

Figure 3 The cytokeratin network. Pearson correlations (listed below the diagonal) showed very high correlations between all pairs of the 20
selected genes. Spearman Rank correlations are shown above the diagonal.

Figure 4 Gene signatures for T-cells. List of the strongest correlates for Cd3d (probe set 1422828_at), all correlated at p < 10-13.
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associated previously with immune functions and thus
represent suitable candidates to regulate this trait: Chst
(carbohydrate (keratan sulfate Gal-6) sulfotransferase 1)
was found to exhibit a critical role in lymphocyte traf-
ficking during chronic inflammation [22]. The transcrip-
tion factor Maf (avian musculoaponeurotic fibrosarcoma
(v-maf) AS42 oncogene homolog) was shown to play a
role in the transcriptional regulation of cytokine expres-
sion and immune cell markers, e.g. [23-29]. Nrp1 (neu-
ropilin 1) has been primarily described as neuronal
receptor but appears also to play a role in the primary
immune response and formation of the immunological
synapse [30,31].

Cis- and trans-eQTLs
We then performed a search for eQTLs on a global
level, for all probe sets. In this analysis 5,214 cis- and
15,485 trans-regulated genes were identified at an LRS
threshold of 12 (Table 6 and Figure 6). When the LRS
threshold was increased to 50, 1,332 cis-regulated genes
were found, whereas the number of trans-regulated
genes was reduced to 15. This observation indicates that

many of the trans-eQTL showed a much lower signifi-
cance value than the cis-eQTL. Next, we present exam-
ples for one cis- and one trans-eQTL. A strong eQTL
was detected on chromosome 14, at 52 megabases (Mb;
Figure 7B) regulating the expression levels of Ang
(angiogenin, ribonuclease, RNase A family, 5) (Figure
7A). Since Ang is located at the same position as the
eQTL (51.7 Mb on chromosome 14) it represents a cis-
eQTL. Furthermore, a strong eQTL was found on chro-
mosome 12 regulating the expression levels of the
Cyp1a1 gene (cytochrome P450, family 1, subfamily a,
polypeptide 1) (Figure 7C,D). Cyp1a1 is located on
chromosome 9 and the corresponding eQTL was found
on chromosome 12 (trans-eQTL). The eQTL signifi-
cance interval contained nine genes, four of which were
expressed in lung at a level above 10. Ahr (aryl-hydro-
carbon receptor) was one of the four genes and was at
the top of the QTL peak (Figure 8). It is the most likely
candidate for Cyp1a1 regulation. In conclusion, our data
set contained a large number of genes whose expression
levels are likely to be influenced by allelic variations in
the genomes of C57BL/6J and DBA/2J. Therefore, the

Figure 5 Gene signatures for B-cells. List of the strongest correlates for Cd19 (probe set 1450570_at), all correlated at p < 10-12.

Table 4 Cis-eQTLs identified in QTL inteval on chromosome 2 for influenza susceptibility

Probe set Symbol Description Location (Chr, Mb) Mean Expr Max LRS

1423602_at Traf1 Tnf receptor-associated factor 1 Chr2: 34.798805 9,28 21,1

1419407_at Hc hemolytic complement Chr2: 34.838908 12,00 82,7

1441635_at Nr6a1 nuclear receptor subfamily 6, group A, member 1 Chr2: 38.736451 7,51 20,2

1455743_at Olfml2a olfactomedin-like 2A Chr2: 38.816929 8,28 63,2

1430379_at Zfhx1b zinc finger homeobox 1b Chr2: 44.931019 9,08 82,4

1438516_at Rif1 Rap1 interacting factor 1 Chr2: 51.975068 8,03 38,8

1444530_at Neb nebulin Chr2: 51.991339 8,14 86,9

For each gene, only the highest LRS is shown. Mean Expr: mean expression in lung for BXD strains.
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presence of pairs of regulated genes and their corre-
sponding eQTLs predicts possible regulatory interac-
tions and will allow searching for yet unknown
regulatory networks.

Discussion
Here, we performed global gene expression profiling in
eight inbred mouse strains and a cohort of BXD recom-
binant inbred strains from whole lung tissues. Our stu-
dies identified several lung-specific genes, large
variations in gene expression levels, and a strong herit-
ability in many gene expression traits. Correlation analy-
sis of gene expression and genotypes identified potential
gene interaction networks, pairs of trans- and cis-
eQTLs, and genes with cis-eQTLs that may represent
candidate genes involved in susceptibility to respiratory
infections. In addition, one specific gene interaction
pathway was identified in which Ahr regulates the
Cyp1a1 gene.
Using tissue correlations of gene expression patterns

across the BXD strains, we identified 16 genes with a

highly restricted expression in the lung of which 14
could be validated by comparison to the BioGPS data-
base [19]. The second most strongly expressed gene in
the lung tissues was Sftpc which has been shown to play
a role in lung development and the prevention of pneu-
monitis and emphysema [32,33]. Also, Sftpc deficiency
increases the severity of respiratory syncytial virus-
induced pulmonary inflammation [34]. Furthermore,
Scgb1a1 and Ager were amongst the five most strongly
expressed genes. Scgb1a1 is expressed in lung clara cells
and its deficiency results in enhanced susceptibility to
environmental agents [35]. Scgb3a1 (secretoglobin,
family 3A, member 1) and Scgb3a2 (secretoglobin,
family 3A, member 2) were shown by others to be
highly expressed in the lung and lower levels in other
organs [36]. Scgb3a2 is down-regulated in inflamed air-
ways [37] and plays an important role in lung develop-
ment [38]. Sftpb (surfactant associated protein B (non-
ciliated bronchiolar and alveolar type 2 cell signature) is
a hydrophobic peptide which enhances the surface prop-
erties of pulmonary surfactant and is expressed in non-
ciliated bronchiolar and aleveolar type 2 cells [39].
Maintenance of Sftpb expression is critical for survival
during acute lung injury [40] and reduction of alveolar
expression causes surfactant dysfunction and respiratory
failure [41]. Plunc (palate, lung, and nasal epithelium
carcinoma associated) is expressed in the oral, lingual,
pharyngeal and respiratory epithelia [42] and members
of the Plunc gene family are thought to pay a role in the
innate immune response [43]. The presence of Plunc
protein in the lung decreases the levels of Mycoplasma

Table 5 Cis-eQTLs identified in QTL on chromosome 8 for Mycoplasmosis susceptibility trait

Probe set Symbol Description Location (Chr,
Mb)

Mean
Expr

Max
LRS

1435883_at AW413431 expressed sequence AW413431 Chr8: 109.374192 8,27 37

1436986_at Sntb2 syntrophin, basic 2 Chr8: 109.537595 6,94 23,6

1437003_at 5730419I09Rik RIKEN cDNA 5730419I09 gene Chr8: 109.543026 9,79 24,6

1451052_at Cog8 component of oligomeric golgi complex 8 Chr8: 109.570082 10,35 23,7

1417766_at 1810044O22Rik RIKEN cDNA 1810044O22 gene Chr8: 109.710789 11,80 38

1429725_at Atbf1 AT motif binding factor 1 Chr8: 111.481987 8,84 70,1

1453393_a_at Chst4 carbohydrate (chondroitin 6/keratan) sulfotransferase 4 Chr8: 112.553165 7,33 71,9

1427513_at Nudt7 nudix (nucleoside diphosphate linked moiety X)-type motif 7 Chr8: 116.678269 6,95 22,7

1446412_at Wwox WW domain-containing oxidoreductase Chr8: 117.339587 7,46 94,7

1444073_at Maf avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene
homolog

Chr8: 118.225461 7,93 121

1449964_a_at Mlycd malonyl-CoA decarboxylase (test Mendelian in BXDs with high DBA/2J
allele)

Chr8: 121.934407 9,63 34,8

1418856_a_at Fanca Fanconi anemia, complementation group A Chr8: 125.792224 7,98 78,5

1460109_at D8Ertd325e DNA segment, Chr 8, ERATO Doi 325, expressed Chr8: 125.915951 7,60 89,8

1449307_at Dbndd1 dysbindin (dystrobrevin binding protein 1) Chr8: 126.029666 7,14 24,1

1446982_at Pard3 par-3 (partitioning defective 3) homolog (C. elegans) Chr8: 130.036847 8,02 87,9

1448944_at Nrp1 neuropilin 1 Chr8: 131.027919 11,95 42,4

For each gene, only the highest LRS is shown. Mean Expr: mean expression in lung for BXD strains.

Table 6 Amount of cis- and trans-regulated transcripts for
different significance thresholds

Threshold (LRS) No. of cis eQTLs No. of trans eQTLs

12 5,214 15,485

16 4,391 3,149

20 3,666 536

30 2,500 48

50 1,332 15
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pneumoniae and its levels are reduced in allergic inflam-
matory conditions [44]. Thus, the lung data set allowed
us to find important genes that are expressed primarily
in the lung and are important for lung homeostasis and
prevention of disease.
It should be noted that our analysis of genes with

“restricted expression to the lung” is not ex-clusive; it
only refers to the tissues that are represented in Gene-
Network and BioGPS. Also, the analysis performed here
should not be considered to be comprehensive. More
sophisticated approaches may be employed to identify
additional genes which also fulfill the criterion of “lung-
restricted” expression.
Furthermore, genes may not be apparent in the lung

transcriptome because they are expressed only in a
small fraction of cells within the lung. This issue of dilu-
tion of expression signals is an important one and we
have studied it in several tissues with considerable care
(eye, retina, and numerous brain regions) using the
same genetic methods and the same array platform. We
were consistently able to detect expression of genes that
are only expressed in very small cell subpopulations

(<0.1%) such as rare amacrine cell subclasses in the
retina [8] or very rare oxytocin-expressing neurons
(<2000) in whole brain samples. The reason for the
increased sensitivity is that with such large sample sizes
(~70 lung arrays) the signal-to-noise ratios are much
better than standard studies using Affymetrix arrays.
These stuides typically use far fewer arrays and do not
use genetic methods to “validate” the source of signal.
The strong signal for hemoglobin and lymphocyte-

specific genes clearly showed that gene ex-pression pat-
terns of circulating blood cells are readily detectable in
the lung transcriptome. This raises the question if an
organ should be studied with or without containing
blood. The correct answer to this question depends of
course on the particular circumstances. However, we
feel strongly that a global systems and genetic approach
requires the analysis of the entire organ. The expression
of genes is not cell-autonomous and depends on cellular
micro envi-ronment, physical factors (gas pressure and
gradients, etc), pathogen exposure, and many types of
interactions. These factors also influence the expression
of genes in blood cells. Therefore, we think that it is

Figure 6 Genome-wide graph of cis- and trans-eQTLs. The positions of the eQTLs are plotted against the locations of the corresponding
transcript along the genome. Cis-regulated genes are located at the diagonal, all other dots represent trans-regulated genes. The significance
level of each QTL is indicated by the color.
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Figure 7 Examples for variations of expression levels in different BXD and inbred mouse strains and ge-nome-wide analysis of cis-
and trans-eQTLs. (A) Log2 expression levels for Ang1 and (B) corresponding cis-eQTL signal. The numbers at the top are chromosomes. The
blue line represents the significance level of the QTL expressed as LRS score (likelihood ratio statistic). A positive additive coefficient (green line)
indicates that DBA/2J alleles increased trait values. A negative additive coefficient (red line) indicates that C57BL/6J alleles increased trait values.
The two horizontal lines mark the genome-wide significance levels at p < 0.05 (red line) and p < 0.63 (gray line). Ang1 is located on Chr 14
(triangle) and the QTL peak is at the same location as the gene. (C) Log2 expression levels for Cyp1a1 and (D) corresponding trans eQTL peak.
Cyp1a1 is on chromosome 9 (triangle) and the QTL was found on chromosome 12.

Figure 8 The transcription factor Ahr is located within the trans-eQTL region for Cyp1a1. The strongest eQTL for Cyp1a1 maps to
Chromosome 12 and the QTL peaks between 36 and 37 megabases. The gene Ahr, indicated by an arrow, is located exactly at the top of the
QTL peak.
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imperative to look simultaneously at all cells in a func-
tion unit: in this case the whole lung plus its containing
blood.
In conclusion, the combined analysis of expression

levels and correlations in a variety of tissues tissue
allowed us to determine genes with restricted or prefer-
ential expression in the lung. For several of these genes,
an important function in the lung has been described
and the same may be assumed for the others. This
information will also contribute to a better understand-
ing of the biological function of these genes.
Many phenotypic traits have been studied for the BXD

mouse populations and several QTLs were identified
which influence diseases or vulnerability in the lung.
The detection of cis eQTLs in the very same tissue is
one method to identify potential candidate genes under
the QTL which may causally influence the trait. Here,
we investigated two traits in more detail, susceptibility
to influenza virus and susceptibility to mycoplasmosis.
Several cis-eQTLs were found in the corresponding
QTL regions and in each case, genes could be identified
with a presumed role in the host immune defense (dis-
cussed already in the results section). Thus, the study of
cis-eQTLs in our data set may provide valuable candi-
dates for other quantitative trait genes that influence
important lung phenotypes. Furthermore, we found 13
BXD lines with low expression signals for Krt4, Krt13
and Krtdap. Krt4 and Krt13 have been shown to be
responsible for White sponge nevus (WSN), also known
as Cannon’s disease, which is an autosomal dominant
skin condition in humans [45-47]. We propose that the
13 mouse strains have genetic alterations which result
in low transcript levels of these genes and they may
represent a good model for Cannon’s disease. It should
be noted, however, that no cis-eQTLs found were found
for any of the Krt genes.
We also identified a set of genes for which the expres-

sion levels correlated highly with members of the Klr
gene family. Klra3 and Klrg1 are killer cell lectin-like
receptors that are exclusively expressed on natural killer
cells (NK cells). NK cells form a major component of
the innate immune system and kill cells by releasing
small cytoplasmic granules of proteins called perforins
and granzymes [48]. Both Gzma and Prf1 were in the
gene network that we identified. In addition, correla-
tions can also be used to expand already known gene
networks in specific cell populations. When starting
with the Cd3 T cell marker and calculating correlations
with all other transcripts measured, we identified a
strongly correlated network of genes, in which most of
the genes were known as T cell markers or to be
involved in T cell activation or homeostasis. In a similar
way, when starting with the Cd19 B cell marker, we
could identify a strongly correlated network of B cell

signature genes. The analysis of these T cell and B cell
expression signatures in the Bi-oGPS data base with
expression profiles in mouse tissues revealed that indeed
>90% of the T and B cell markers were specifically
expressed in either T or B cells. Furthermore, most of
the T and B cell signature genes represented genes with
known function in B and T cell differentiation, activa-
tion and homeostasis. For example, the T cell signature
included genes encoding subunits of the T cell receptor:
Cd3d (CD3 antigen, delta po-lypeptide), Cd3g (CD3
antigen, gamma polypeptide), Tcra (T-cell receptor
alpha chain) and Tcrb-V13 (T-cell receptor beta, variable
13) and Lat (linker for activation of T cells) which are
involved in T cell activation. The B cell signature con-
tained components of the B cell antigen receptor com-
plex, Cd19 (CD19 antigen) and Cd79a (CD79A antigen
(immunoglobulin-associated alpha)), as well as Blk (B
lymphoid kinase) tyrosine kinase which is associated
with the receptors. Also, the correlations for both signa-
tures in the spleen expression data set in GeneNetwork
could indeed confirm that the signatures were strongly
correlated (data not shown). In summary, these studies
demonstrate that correlation analyses are able to identify
genes which very likely interact in a common network
or biological process. The approach used here may thus
have a great potential to identify new networks and bio-
logical processes in the lung. In addition, starting with a
known bona-fide cell-specific gene and then analyzing
gene expression values across strains, it is possible to
identify a set of highly correlated genes. These gene sets
genes can now be used as cell-specific signature genes
in complex transcriptome studies, e.g. to detect infiltrat-
ing immune cells in the lungs after infection.
The genetic mapping of lung expression profiles

revealed many cis- and trans-eQTLs, indicating that
many gene expression patterns in lung have a strong
genetic component. Trans-eQTLs allow the identifica-
tion of gene-gene regulatory networks. As an example,
we found that the transcription factor Ahr was present
in a trans-eQTL region detected for the Cyp1a1 gene.
Ahr is a transcription factor known to induce Cyp1a1
transcription levels after ligand binding [49-51]. Six
binding sites for the Ahr receptor ligand have been
revealed in the 700-basepair DNA domain upstream of
Cyp1a1 [52]. However, a critical leucine-to-proline sub-
stitution in Ahr results in a 15 to 20-fold reduction in
the binding affinity of the proline variant found in DBA/
2J compared to the leucine variant found in C57BL/6J
[53]. Indeed, in our data set, expression values for
Cyp1a1were low for BXD strains carrying the DBA/2J
allele at the Ahr locus and high for the strains carrying
the C57BL/6J allele. Since Ahr is not cis-regulated in
lung, the downstream effects appear to be only caused
by changes in Ahr protein binding affinity. Although the
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interaction between Cyp1a1 and Ahr as such is not a
new finding, it is quite remarkable that the interaction
becomes apparent in lungs which were not exposed to
an inducing xenobiotic. Furthermore, we do not see this
relationship in several other tissues, such as liver. There-
fore, our observation suggests that in the lung, which is
potentially exposed to many xenobiotics, the Ahr recep-
tor may always be activated at a low level. Alternatively,
Ahr expression may be stimulated by yet unknown
ligands that are also present under normal environmen-
tal conditions.

Conclusions
Here, we showed that whole genome expression analysis
of the lungs from a large set of strains of the BXD
mouse population can be exploited to identify important
gene regulatory networks. We found a large number of
expression correlations and QTLs which can be further
investigated to better understand molecular interaction
networks in the lung. The search for cis-eQTLs in geno-
mic intervals that were identified previously as QTLs for
infectious diseases revealed several quantitative trait
candidate genes. In addition, we demonstrated that the
analysis of gene expression correlations, starting with a
few cell-specific genes, could identify a larger set of
genes which allows detecting the presence of B and T
cells within the transcriptome of the whole lung. Such
expression signatures will be very important to follow
normal and abnormal host responses during infections
and other diseases of the lung.
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Inflammasome-dependent Pyroptosis and IL-18 Protect
against Burkholderia pseudomallei Lung Infection while
IL-1b Is Deleterious
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Abstract

Burkholderia pseudomallei is a Gram-negative bacterium that infects macrophages and other cell types and causes
melioidosis. The interaction of B. pseudomallei with the inflammasome and the role of pyroptosis, IL-1b, and IL-18 during
melioidosis have not been investigated in detail. Here we show that the Nod-like receptors (NLR) NLRP3 and NLRC4
differentially regulate pyroptosis and production of IL-1b and IL-18 and are critical for inflammasome-mediated resistance to
melioidosis. In vitro production of IL-1b by macrophages or dendritic cells infected with B. pseudomallei was dependent on
NLRC4 and NLRP3 while pyroptosis required only NLRC4. Mice deficient in the inflammasome components ASC, caspase-1,
NLRC4, and NLRP3, were dramatically more susceptible to lung infection with B. pseudomallei than WT mice. The
heightened susceptibility of Nlrp3-/- mice was due to decreased production of IL-18 and IL-1b. In contrast, Nlrc4-/- mice
produced IL-1b and IL-18 in higher amount than WT mice and their high susceptibility was due to decreased pyroptosis and
consequently higher bacterial burdens. Analyses of IL-18-deficient mice revealed that IL-18 is essential for survival primarily
because of its ability to induce IFNc production. In contrast, studies using IL-1RI-deficient mice or WT mice treated with
either IL-1b or IL-1 receptor agonist revealed that IL-1b has deleterious effects during melioidosis. The detrimental role of IL-
1b appeared to be due, in part, to excessive recruitment of neutrophils to the lung. Because neutrophils do not express
NLRC4 and therefore fail to undergo pyroptosis, they may be permissive to B. pseudomallei intracellular growth.
Administration of neutrophil-recruitment inhibitors IL-1ra or the CXCR2 neutrophil chemokine receptor antagonist
antileukinate protected Nlrc4-/- mice from lethal doses of B. pseudomallei and decreased systemic dissemination of bacteria.
Thus, the NLRP3 and NLRC4 inflammasomes have non-redundant protective roles in melioidosis: NLRC4 regulates
pyroptosis while NLRP3 regulates production of protective IL-18 and deleterious IL-1b.
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Introduction

The ability to detect infection by pathogenic microbes and to

restrict their growth are fundamental for the wellbeing of

multicellular organisms. Pattern recognition receptors, including

the Toll-like receptor (TLR) and the NLR, recognize microbial

products and ‘‘danger signals’’ released by stressed cells and, in

turn, activate signaling pathways that initiate the inflammatory

response and regulate development of adaptive immunity. TLR

are expressed on the cell surface or in endosomal compartments

and their stimulation results in activation of the NF-kB, MAPK,

and IRF signaling pathways culminating in transcriptional

induction of a large number of genes. NLR, in contrast, are

located in the cytoplasm, which they survey for evidence of danger

or infection (reviewed in ref. [1]). Some NLR control activation of

the inflammasome, a multiprotein complex that contains, in

addition to a NLR, the adaptor molecule ASC and the protease

caspase-1. Activation of caspase-1 in the context of the inflamma-

some is responsible for the proteolytic processing of the immature

forms of IL-1b and IL-18, a modification required for the secretion

and bio-activity of these proinflammatory cytokines. Activation of

caspase-1 also triggers a form of cell death, known as pyroptosis,

that effectively restricts intracellular bacterial growth [2,3].

Production of IL-1b and IL-18 and induction of pyroptosis have

been shown to be protective effector mechanisms against many

infectious agents. NLRP3 and NLRC4 are the best characterized

NLR molecules. NLRP3 controls caspase-1 activation in response

to ‘‘danger signals’’, several particles and crystals, and various

bacteria, virus, and fungi. Although the logic that oversees the

activation of the NLRP3 inflammasome is still elusive, it appears

that disruption of cell membrane integrity may be a common

event triggered by the NLRP3 activators. The NLRC4 inflamma-

some is responsive to a narrower spectrum of activators including

cytoplasmically delivered bacterial flagellin and the basal rod

constituent of various bacterial Type III secretion systems (T3SS).

The T3SS apparatus is used by several bacteria, including

Salmonella, Yersinia, Pseudomonas, Shigella, Legionella, and Burkholderia

to inject virulence factors into the cytoplasm of target cells. Recent
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works demonstrated that the specificity of the mouse NLRC4 for

flagellin or rod proteins is determined by its interaction with the

NLR molecules NAIP5 or NAIP2, respectively [4,5].

Burkholderia pseudomallei is a Gram-negative flagellate bacterium

that causes melioidosis, a disease endemic to South-East Asia and

other tropical regions [6,7] and the most common cause of

pneumonia-derived sepsis in Thailand. Because melioidosis carries

a high fatality rate, B. pseudomallei is classified as category B

potential bioterrorism agent by the Center for Disease Control and

NIAID. B. pseudomallei infection can be contracted through

ingestion, inhalation, or subcutaneous inoculation and leads to

broad-spectrum disease forms including pneumonia, septicemia,

and organ abscesses. Following infection of macrophages and

other non-phagocytic cell types, B. pseudomallei is able to escape the

phagosome and invade and replicate in the host cell cytoplasm,

directly spreading from cell to cell using actin-tail propulsion.

Macrophages and IFNc have been shown to play a critical role in

protection from melioidosis [8–10] and several B. pseudomallei

virulence factors have been identified including the bacterial

capsule [11], the lipopolysaccharide [12], and one of the three

T3SS possessed by B. pseudomallei [13]. Analysis of mouse strains

with different susceptibility to B. pseudomallei infection indicates that

the early phases of the infection are crucial for survival [14,15],

emphasizing the necessity for better understanding of innate

immune responses during melioidosis. With this goal in mind,

using a murine model of melioidosis we have performed a detailed

analysis of the role of the inflammasome components NLRP3,

NLRC4, ASC, and caspase-1 and the effector mechanisms IL-1b,

IL-18, and pyroptosis.

Results

NLRP3 and NLRC4 differentially regulate production of IL-
1b and pyroptosis

To identify the pathway responsible for IL-1b and IL-18

secretion in response to infection with B. pseudomallei, bone

marrow-derived macrophages (BMDM) or dendritic cells (BMDC)

derived from WT mice or mice deficient in the inflammasome

components ASC, NLRP3, NLRC4, or caspase-1 were infected in

vitro with B. pseudomallei and secretion of IL-1b in culture

supernatants was measured. As shown in figure 1A, secretion of

IL-1b by Asc-/-, Nlrp3-/-, and Casp1-/- BMDM was markedly

reduced compared to WT BMDM. Production of IL-1b during

the first hours of the infection was also significantly reduced in

Nlrc4-/- cells. However, later in the infection process (8 hours)

Nlrc4-/- cells secreted IL-1b at levels considerably higher than WT

cells. Secretion of IL-18 followed a similar pattern (data not

shown). Immunoblotting of the supernatants confirmed processing

of IL-1b and of caspase-1 to the mature 17 kDa and p20 forms,

respectively (figure 1B). Interestingly, although caspase-1 was

activated in Asc-/- cells, processing and secretion of IL-1b was not

observed. NLRC4 possesses an amino-terminal CARD domain

that can recruit and activate caspase-1 independently of ASC. It is

unclear at present why activation of caspase-1 in Asc-/- cells is not

sufficient to trigger secretion of mature IL-1b, a phenomenon

previously reported by other groups [16]. The differences in IL-1b
and IL-18 secretion were observed regardless of the number of

bacteria used to infect cells (MOI 10, 50, or 100, data not shown)

and were not due to differential induction of pro-IL-1b, which was

present at comparable amounts in all the cell lysates. Thus, the

NLRC4 and NLRP3 inflammasomes are both mediating release

of IL-1b and IL-18 by myeloid cells infected with B. pseudomallei.

Inflammasome-mediated induction of pyroptosis has been

demonstrated to be a mechanism that restricts growth of certain

intracellular bacteria [2,3]. To measure induction of pyroptosis in

cells infected with B. pseudomallei we used a kanamycin protection

assay that allows only replication of intracellular bacteria whereas

cells that undergo pyroptosis expose the bacteria to the

microbicidal action of the antibiotic present in the medium.

Induction of pyroptosis and intracellular bacterial replication were

measured in WT or inflammasome-deficient BMDM infected with

B. pseudomallei. As shown in figure 1C (upper graph), pyroptosis of

infected cells (as measured by release of LDH in culture

supernatants) was significantly reduced in Casp1-/- and Nlrc4-/-

cells compared to WT and Nlrp3-/-. Importantly, induction of

pyroptosis was not lost in Asc-/- cells. NLRC4-mediated pyroptosis

induced by other bacteria is also reported to be ASC-independent

[16–19]. Consistent with the role of pyroptosis as a mechanism to

restrict intracellular bacteria growth, considerably less intracellular

bacteria were recovered from WT, Nlrp3-/-, and Asc-/- cells than

Casp1-/- or Nlrc4-/- cells at all time points (figure 1C, lower graph).

Similar results regarding IL-1b processing and secretion and

induction of pyroptosis were obtained using BMDC derived from

the inflammasome–deficient mice (supplementary figure S1).

Taken together these results show that infection of macrophages

and dendritic cells with B. pseudomallei leads to activation of the

NLRC4 and NLRP3 inflammasomes. NLRC4 contributes to IL-

1b during the early phase of the infection and induction of

pyroptosis that restricts bacterial growth. NLRP3 does not control

pyroptosis and primarily controls IL-1b secretion. It should be

noted that the defective IL-1b production of Nlrc4-/- and Nlrp3-/-

cells cannot be ascribed to the difference in induction of

pyroptosis: thus Nlrp3-/- cells produce less cytokine than WT cells

despite undergoing pyroptosis to the same extent as WT cells.

Conversely, Nlrc4-/- cells, which are resistant to pyroptosis, still

produce less cytokine than WT cells at the early time point.

However, at later time points Nlrc4-/- cells produce considerably

more IL-1b than WT cells. This is likely due to the fact that WT

cells rapidly die after infection while Nlrc4-/- cells remain viable

and continue to synthesize and secrete IL-1b.

Author Summary

The disease melioidosis is caused by the intracellular
bacterium Burkholderia pseudomallei, a potential bioterror-
ism agent. Here we examined the interaction of B.
pseudomallei with the inflammasome, an important innate
immune pathway that regulates at least two host
responses protective against infections: 1) secretion of
the proinflammatory cytokines IL-1b and IL-18 and 2)
induction of pyroptosis, a form of cell death that restricts
intracellular bacteria growth. Using a mouse model of
melioidosis we show that two distinct inflammasomes are
activated by B. pseudomallei infection. One, containing the
Nod-like receptor (NLR) NLRP3, mediates IL-1b and IL-18
induction. The other contains a different NLR called NLRC4
and mediates pyroptosis. Pyroptosis and IL-18 production
were equally important for resistance to B. pseudomallei.
Surprisingly, IL-1b was found to be deleterious in
melioidosis. The detrimental role of IL-1b during melioi-
dosis was due, in part, to excessive recruitment of
neutrophils to the lung. We show that neutrophils do
not express NLRC4, fail to undergo pyroptosis, and,
therefore, may be permissive to B. pseudomallei intracel-
lular replication leading to increased bacterial burden and
morbidity/mortality. Thus, the NLRP3 and NLRC4 inflam-
masomes have non-redundant protective roles in melioi-
dosis: NLRC4 regulates pyroptosis while NLRP3 regulates
production of protective IL-18 and deleterious IL-1b.

Role of Pyroptosis, IL-18 and IL-1b in Melioidosis
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Role of inflammasomes in murine melioidosis
The role of the inflammasome during in vivo B. pseudomallei

infection was next analyzed using a mouse model of melioidosis

(figure 2). WT mice or inflammasome-deficient mice were infected

intranasally with B. pseudomallei (100 CFU) and their weight (not

shown) and survival were monitored (figure 2A). All mice started to

lose weight 2 days post-infection. Generally, mice that survived the

infection started to recover weight 7 days post-infection. Casp1-/-,

Nlrc4-/-, and Asc-/- mice were extremely susceptible to melioidosis

compared to WT mice. Nlrp3-/- mice were also considerably more

susceptible than WT mice but slightly more resistant than the

other inflammasome deficient mice. Measurement of the bacterial

burdens in lungs, spleens, and livers of infected mice 24 hours

(data not shown) and 48 hours post-infection revealed that Nlrc4-/-

and Casp1-/- mice carried considerably higher burdens in all three

organs than WT mice (figure 2B). Surprisingly, the bacterial

burden of Asc-/- and Nlrp3-/- mice was not significantly different

from that of WT mice at the tested time points despite their higher

mortality.

Cytokine levels were measured in bronchio-alveolar lavage

fluids (BALF) obtained from infected mice (figure 2C). Confirming

the in vitro results, IL-1b and IL-18 levels were severely reduced in

Asc-/-, Casp1-/- and Nlrp3-/- mice. In contrast, IL-1b and IL-18

were present in the lungs of Nlrc4-/- mice in amounts considerably

higher than WT mice. Immunoblotting experiments confirmed

that the IL-1b measured by ELISA was in fact the p17 mature

form of IL-1b (figure 2D). Thus, although the in vitro experiments

demonstrated that both the NLRP3 and the NLRC4 inflamma-

some contribute to IL-1b and IL-18 production in response to B.

pseudomallei infection, it is the NLRP3 inflammasome that primarily

mediates production of these cytokines in vivo. The levels of several

other proinflammatory cytokines, including IL-1a (figure S2), were

significantly elevated in Nlrc4-/- BALF. It is interesting to note that

the levels of IL-18 in BALF of Asc-/- and Casp1-/- mice, although

very low, were higher than uninfected mice suggesting the

existence of inflammasome-independent mechanisms to produce

IL-1b and IL-18, as it has been previously shown in models of

highly neutrophilic inflammation [20-23].

Histological analysis of the infected lungs revealed extensive

inflammatory cell infiltration in the lung parenchyma (data not

shown). The area of the inflammatory nodules, relative to the total

area of the lung lobe, was calculated for each given section and

found to be significantly greater in Nlrc4-/- mice compared to WT

mice (figure 2E). This result was consistent with the elevated levels

of inflammatory cytokines and chemokines produced by Nlrc4-/-

mice. Taken together these results suggest a scenario where failure

of Nlrc4-/- infected macrophages to undergo pyroptosis results in

higher bacterial burden and continued production of IL-1b and

other factors that attract more inflammatory cells, perpetuating

lung inflammation and promoting bacteria dissemination.

Thus, our results identified two distinct infammasome-mediated

mechanisms that efficiently restrict B. pseudomallei growth and

pathogenesis: production of the cytokines IL-1b and IL-18 and

induction of pyroptosis. The high susceptibility of Nlrp3-/- and

Asc-/- mice to meliodiosis is due to defective cytokine production

while that of the Nlrc4-/- mice likely results from defective

pyroptosis. Casp1-/- mice are impaired in both inflammasome

effector mechanisms and, therefore, we predicted that they would

Figure 1. NLRP3 and NLRC4 differentially regulate production of IL-1b and pyroptosis. BMDM were infected with B. pseudomallei at MOI
of 10. (A) Secretion of mature IL-1b was measured in conditioned supernatants of infected and uninfected cells at the indicated times. (B) Processing
of IL-1b and caspase-1 was detected by immunoblot in 8 h conditioned supernatants from A. Pro-IL-1b was detected in cell lysate of the infected
cells. (C) Induction of pyroptosis was measured as LDH release in conditioned supernatants of infected BMDM (MOI 10) (upper panel). Infected BMDM
were lysed at the indicated time points after infection and intracellular bacteria growth was quantitated (lower panel). One experiment representative
of three is shown. *p,0.05, **p,0.01, ***p,0.001 (1way ANOVA).
doi:10.1371/journal.ppat.1002452.g001
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be more vulnerable to B. pseudomallei than Asc-/- or Il1-r1-/--Il-18-/-

double knock-out mice (DKO) (that are defective in cytokines but

retain pyroptosis) or Nlrc4-/- mice (that retain IL-1b/IL-18

functionality but are deficient in pyroptosis). This prediction was

found to be correct. As shown in figure 2F, when mice were

infected with only 25 CFU (a non-lethal dose for WT mice) the

mean time to death of Nlrc4-/- and Il-1r1-/--Il-18-/- DKO mice was

slightly but significantly (p,0.05, Kaplan-Meier test) increased

compared to Casp1-/- mice. Surprisingly, Asc-/- mice, which should

be equivalent to DKO because of the absence of IL-1b or IL-18,

survived the infection. This may be explained by the observation

that IL-18, although drastically reduced, it is still detectable in

Asc-/- mice at higher level than uninfected mice (figure 2C).

Role of IL-18 and IL-1b in murine melioidosis
We next analyzed the role of the inflammasome-dependent

cytokines IL-1b and IL-18 during murine melioidosis. IL-18-

deficient mice were extremely susceptible to B. pseudomallei

infection even when infected with 25 CFU, a dose of bacteria

that caused no mortality and only mild weight loss in WT mice

(figure 3A). In contrast, Il-1r1-/- mice displayed increased

resistance to B. pseudomallei infection compared to WT mice

(figure 3A and see below). The survival of mice deficient in both

IL-18 and IL-1RI (DKO) was indistinguishable from the Il-18-/-

mice when the animals were infected with 100 CFU. However, in

DKO mice infected with 25 CFU (figure 3A, right panel) the

concomitant absence of IL-18 and IL-1RI provided a significant

advantage over Il-18-/- mice (p,0.05) suggesting a detrimental

role of IL-1RI-mediated signaling in melioidosis (see below).

Confirming the different susceptibilities of Il-18-/- and Il-1r1-/-

mice to melioidosis, the bacterial burdens observed in the lungs,

spleens, livers, and BALF of infected Il-18-/- mice were dramatically

higher than that of WT mice even at early time points (24 hours post

infection, figure 3B). In contrast, significantly lower amounts of

bacteria were recovered 48 hours post infection from Il-1r1-/- mice

compared to WT mice confirming their higher resistance.

Measurements of cytokines in the BALF obtained from mice at

24 and 48 hours post-infection (figure 3C) indicated that the levels

of IFNc were drastically reduced in Il-18-/- mice, a finding

consistent with the established function of IL-18 as an IFNc-

inducing cytokine. Remarkably, IFNc levels in Il-1r1-/- mice were

greatly increased compared to WT mice. The levels of the

neutrophil attractants Mip-2, KC, and IL-17 were also decreased

in Il-1r1-/- mice and increased in Il-18-/- mice (figure S2). The

number of inflammatory cells recovered from the BALF of

infected Il-1r1-/- mice was significantly decreased compared to

WT mice (see figure 4B, left panel). Histological analysis of the

infected lungs revealed extensive inflammatory cell infiltration in

the lung parenchyma of Il-18-/- mice (see figure 4C). The area of

the inflammatory nodules, relative to the total area of the lung

lobe, was calculated for each given section and found to be

significantly greater in Il-18-/- mice compared to WT mice

(figure 4D).

Considering that IFNc is known to play a protective role during

several bacterial infections, including B. pseudomallei [8–10], these

results suggested that the reduced resistance of Il-18-/- mice to B.

pseudomallei infection may be due to lack of IFNc induction. To test

this hypothesis, a group of Il-18-/- mice infected with B. pseudomallei

were given daily intraperitoneal injections of either recombinant

IFNc or PBS. As shown in figure 3D, exogenous IFNc completely

protected the mice suggesting that IL-18 exerts its protective

action primarily through induction of IFNc.

Deleterious role of IL-1b in melioidosis
The results of figure 3 showed that Il-1r1-/- mice were more

resistant to lung infection with B. pseudomallei. This appeared even

Figure 2. Differential contributions of NLRP3 and NLRC4 to melioidosis. (A) Mice were intranasally infected with B. pseudomallei (100 CFU)
and their survival was monitored. *p,0.05 (Kaplan-Meier), WT compared to other genotypes (B) Mice were sacrificed 48 hours post-infection and the
bacterial burdens were measured in organ homogenates. (C) Cytokines were measured in BALF obtained 48 hours post-infection. (D) Processing of IL-
1b was detected by immunoblot in BALF from C. (E) Lung sections were stained with H&E and the total area of the inflammatory nodules was
measured and expressed as percentage of the total lung lobe area. *p,0.05, **p,0.01, ***p,0.001 (1way ANOVA). (F) Mice were intranasaly infected
with B. pseudomallei (25 CFU) and their survival was monitored. **p,0.01 WT compared to other genotypes and *p,0.05 Casp-1-/- compared to
Nlrc4-/- (Kaplan-Meier).
doi:10.1371/journal.ppat.1002452.g002

Role of Pyroptosis, IL-18 and IL-1b in Melioidosis

PLoS Pathogens | www.plospathogens.org 4 December 2011 | Volume 7 | Issue 12 | e1002452154



more evident when mice were infected with higher doses of B.

pseudomallei that killed all WT mice but only a fraction of the Il-

1r1-/- mice (figure 4A). Recruitment of neutrophils, macrophages,

and dendritic cells into alveolar spaces was decreased in Il-1r1-/-

mice compared to WT mice (figure 4B, left graph). Lower levels of

the neutrophil enzyme myeloperoxidase (MPO) were detected in

the BALF of Il-1r1-/- mice compared to WT (figure S3). The

extent of lung inflammation, as measured by the number and size

of inflammatory nodules, was also significantly decreased in Il-

1r1-/- mice (figure 4C, and 4D).

To further test the hypothesis that IL-1R-mediated signaling has

a deleterious role in this model of melioidosis, WT mice were

infected with 100 CFU B. pseudomallei and were given daily

intraperitoneal injections of IL-1b or PBS (figure 4E). All mice that

received the cytokine succumbed to the infection compared to

significantly higher survival of the control group. Injection of IL-

1b in non-infected mice had no deleterious effect aside from a

transient, negligible weight loss (not shown). The bacteria burdens

in organs of IL-1b-treated mice 72 hours post infection were

dramatically higher than the control group and bacteremia was

detected in IL-1b-treated mice but not control mice (figure 4F).

Higher number of neutrophils, macrophages, and dendritic cells

were found in the BALF of IL-1b-treated mice (figure 4B, center

graph). This correlated with increased level of MPO in BALF

(figure S3). The increased inflammatory cell recruitment to the

lungs of IL-1b-treated mice was likely due to the induction, by IL-

1b, of neutrophil chemoattractans KC (CXCL1) and MIP-2

(CXCL-2), which in fact were detected at very high levels in the

BALF of IL-1b-treated mice (figure S2). Histological analysis of

lung sections of mice treated with IL-1b showed a dramatic

increase in the number and size of the foci of infiltrating

inflammatory cells (figure 4C, lower left panels) and evidence of

perivascular edema and airway obstruction (figure 4C, lower right

panels).

If IL-1b in fact has a detrimental effect during melioidosis,

inhibition of its activity should lower morbidity and mortality of

mice infected with B. pseudomallei. As shown in figure 4G,

administration of the IL-1 receptor antagonist IL-1ra protected

mice from infection with lethal doses of B. pseudomallei. Mice

treated with IL-1ra had decreased recruitment of inflammatory

cells to the alveolar spaces (figure 4B, right graph) lower level of

MPO in BALF (figure S3), and less severe lung pathology (data not

shown).

Neutrophils fail to restrict B. pseudomallei intracellular
growth and are resistant to pyroptosis

Surprisingly, in our experiments lower numbers of neutrophils

in Il-1r1-/- mice correlated with lower bacterial burdens while IL-

1b administration resulted in increased neutrophil recruitment but

also increased bacterial burdens and systemic dissemination. These

results would be consistent with the notion that neutrophils are not

very effective at containing B. pseudomallei infection and, in fact,

may foster its spread. In support of this idea, human neutrophils

infected with B. pseudomallei underwent pyroptosis at a much slower

rate than infected monocytes (figure 5A). Concomitantly, intra-

Figure 3. Differential contributions of IL-1 and IL-18 to melioidosis. (A) Mice were intranasaly infected with B. pseudomallei (100 CFU, left, or
25 CFU, right) and their survival was monitored. *p,0.05, **p,0.01 (Kaplan-Meier), WT compared to other genotypes (left), Il-18-/- compared to DKO
(right). (B, C) Mice infected with B. pseudomallei (100 CFU) were sacrificed 24 hours or 48 hours postinfection and the bacterial burdens in organ
homogenates and BALF (B) or cytokines levels in BALF (C) were measured. *p,0.05, **p,0.01, ***p,0.001 (1way ANOVA). (D) Il-18-/- mice were
intranasally infected with B. pseudomallei (100 CFU) and their survival monitored. Mice were administered daily injections of PBS or IFNc (1 mg) for the
first 8 days. **p,0.01 (Kaplan-Meier).
doi:10.1371/journal.ppat.1002452.g003
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cellular bacteria growth increased with time in infected neutrophils

but decreased in monocytes. Consistent with previously published

results [3], neutrophils did not express NLRC4 mRNA (figure 5B)

suggesting they may be resistant to pyroptosis. Similar results were

obtained using neutrophils and CD11b+ monocytic cells isolated

from mouse bone marrow (figure 5C). WT monocytes infected

with B. pseudomallei underwent pyroptosis and failed to support

bacteria replication whereas Nlrc4-/- cells were resistant to

pyropotosis and supported B. pseudomallei intracellular replication.

In contrast, both WT and Nlrc4-/- neutrophils did not undergo

pyroptosis and supported B. pseudomallei intracellular replication to

the same extent. These results suggest that the deleterious role of

IL-1b during melioidosis may be due, in part, to excessive

recruitment of neutrophils, a cell type that may be permissive for

B. pseudomallei replication. We decided to test this hypothesis in

Nlrc4-/- mice. As shown in figure 2E, infected Nlrc4-/- mice showed

a significantly higher degree of lung inflammation. Consistent with

higher neutrophil influx in the lung of Nlrc4-/- mice, the levels of

the neutrophil enzyme MPO were significantly increased in their

BALF compared to WT mice (figure 6A). To test the hypothesis

that excessive neutrophil influx is deleterious during melioidosis,

Nlrc4-/- mice were injected with IL-1ra or with antileukinate, a

hexapeptide that acts as a CXCR2 neutrophil chemokine receptor

antagonist. Both factors have been shown to inhibit neutrophil

recruitment to inflammatory sites in different animal models

including lung inflammation [24–26]. As shown in figure 6B,

administration of IL-1ra or antileukinate protected Nlrc4-/- mice

infected with low doses of B. pseudomallei. The number of

inflammatory cells in the BALF of Nlrc4-/- mice treated with IL-

1ra or antileukinate was reduced compared to mice who received

Figure 4. Deleterious role of IL-1b in melioidosis. (A) Mice were infected intranasally with B. pseudomallei (200 CFU) and their survival was
monitored. (B) Flow cytometric analysis for myeloid cell composition of BALF obtained from the indicated infected mouse strains at 24 h (left);
infected WT mice injected with IL-1b at 48 h (center graph); or infected WT mice injected with PBS or IL-1ra at 72 h. *p,0.05, ***p,0.001 (1way
ANOVA). (C) Histopathology of lungs of infected mice of indicated genotype (0.8X magnification) at 48 h post-infection (upper row) or WT mice
injected with PBS or IL-1b at 72 hrs post-infection (lower row). Bottom right panel shows 10X magnification of the indicated insets from WT+IL-1b
showing airways obstruction (arrow head) and perivascular edema (asterisks). One image representative of five animals/experimental group. (D) The
total area of the inflammatory nodules of lung sections of C was measured and expressed as percentage of the total lung lobe area. *p,0.05 (t-test).
(E) WT mice were infected intranasally with B. pseudomallei (100 CFU) and received daily i.p. injections of PBS or IL-1b (1 mg). One group of mice were
treated with IL-1b but not infected. **p,0.01, ***p,0.001 (Kaplan-Meyer). (F) Mice infected and IL-1b-injected as in E were sacrificed 72 h post-
infection and the bacterial burden was measured in organs and blood. *p,0.05, **p,0.01 (1way ANOVA). (G) WT mice were infected intranasally with
B. pseudomallei (150 CFU) and were administered daily injections of PBS or IL-1ra. *p,0.05 (Kaplan-Meyer).
doi:10.1371/journal.ppat.1002452.g004
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PBS injection (figure 6C) and lower levels of MPO were detected

in the BALF of injected mice (figure S3). Moreover, systemic

spread of bacteria to spleen or liver was reduced by administration

of either drug (figure 6D).

Discussion

The inflammatory response to infection consists of several

protective effector mechanisms that must be activated and

orchestrated in order to maximize microbicidal functions and

stimulation of adaptive immunity while, at the same time,

minimize damage to the host tissues. Alteration in this balance

may result in excessive and non-resolving inflammation that leads

to severe morbidity and mortality [27]. It is becoming clear that to

be effective but non-pathogenic the inflammatory response must

be tailored to each specific pathogen. Here we have analyzed the

role of a very important inflammatory pathway during infection

with the lung pathogen B. pseudomallei. Using a murine model of

melioidosis we have determined the role of various components of

the inflammasome and the downstream effector mechanisms

(production of IL-1b, IL-18, and pyroptosis) and we report several

novel discoveries that greatly increase our understanding of the

pathogenesis of melioidosis (see model in figure 7).

First, we found that both NLRC4 and NLRP3 play non-

redundant roles during detection of B. pseudomallei. Analysis of in

vitro infected macrophages or dendritic cells allowed us to estimate

the relative contribution of NLRC4 and NLRP3 to IL-1b
production. Our findings indicated that production of IL-1b is

primarily dependent on the NLRP3 inflammasome. During the

early phase of the infection the NLRC4 inflammasome also

significantly contributes to IL-1b production. We posit that this

pattern likely reflects the fact that the NLRC4 inflammasome

responds to T3SS deployment, which occurs early in the infection

cycle, while activation of NLRP3 may require escape from the

phagosome, which is a relatively slower event [28]. B. pseudomallei ,

including the strain used in our study, possesses at least three T3SS

Figure 5. Neutrophils do not undergo pyroptosis and fail to restrict B. pseudomallei replication. (A) Human neutrophils or monocytes
were infected with B. pseudomallei (MOI 50) and pyroptosis and intracellular bacterial growth were measured at the indicated time points. One
experiment representative of two is shown. Data are shown as the fold increase normalized to the 2 h values. (B) RT-PCR analysis of total RNA from
the indicated cell types. (C) WT or Nlrc4-/- mouse neutrophils and monocytic cells were infected with B. pseudomallei (MOI 50) and pyroptosis and
intracellular bacterial growth were measured 8 hours post infection. * p,0.05, **p,0.01, ***p,0.001 (2way ANOVA, post-test Bonferroni).
doi:10.1371/journal.ppat.1002452.g005
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gene clusters, one of which is similar to the Salmonella SP-1

pathogenicity island and has been shown to be an important

virulence factor required for escape from the phagosome,

induction of IL-1b production, and pathogenicity [13,28]. In

addition to mediating host recognition of cytosol-delivered

flagellin, NLRC4 also recognizes a structural motif found in the

basal body rod components of the T3SS of various bacteria,

including B. pseudomallei [29]. We have determined (data not

shown) that transfection of B. pseudomallei flagellin protein into the

cytoplasm of BMDC leads to NLRC4-dependent production of

IL-1b. This result agrees with previously published evidence and

indicates that B. pseudomallei (like some other bacteria) expresses

multiple factors (e.g. flagellin, basal rods) that are recognized by

the NLRC4 inflammasome. The mechanism responsible for

NLRP3 activation by B. pseudomallei remains unclear.

In addition to controlling IL-1b and IL-18 production, NLRC4

also mediates pyroptosis, a form of cell death that is an effective

mechanism to restrict growth and dissemination of intracellular

bacteria [3]. Here we showed that B. pseudomallei-induced

pyroptosis was caspase-1-dependent but ASC-independent, in

agreement with works that showed ASC redundancy for

pyroptosis induced by other bacteria [16–19]. However, the fact

that production of IL-1b in response to B. pseudomallei infection is

seriously compromised in Asc-/- cells indicates that this adaptor

molecule plays a critical role in NLRC4-mediated cytokine

production and suggests that NLRC4 can form two distinct

inflammasomes: one that contains ASC and regulates IL-1b
processing, and one devoid of ASC that activates caspase-1 and

triggers pyroptosis, as recently proposed [30]. It has been recently

shown [4,5] that NAIP molecules determine the specificity of

NLRC4 for its activators and, we would further speculate, for its

down-stream effector mechanisms. Whether NLRC4 relies on

other molecules to recognize B. pseudomallei remains to be

ascertained. We tested the susceptibility to B. pseudomallei of

Figure 6. Inhibition of neutrophil recruitment to the lung protects Nlrc4-/- mice from melioidosis. (A) Myeloperoxidase was measured in
BALF of WT and Nlrc4-/- mice. (B) Nlrc4-/- mice were infected intranasally with B. pseudomallei (25 CFU) and were administered daily injections of PBS
or IL-1ra (i.p.) or antileukinate (s.c.). **p,0.01, ***p,0.001 (Kaplan-Meyer). (C) Flow cytometric analysis for myeloid cell composition of BALF obtained
from Nlrc4-/- mice infected and treated with IL-1ra or antileukinate. (D) Nlrc4-/- mice infected and treated with IL-1ra or antileukinate were sacrificed
48 h post-infection and the bacterial burden was measured in organs. *p,0.05, **p,0.01 (1way ANOVA).
doi:10.1371/journal.ppat.1002452.g006
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C57BL/6J-Chr13A/J/NaJ mice, a consomic C57BL/6 strain that

carries the A/J NAIP5 allele that renders them susceptible to

Legionella infection [31-34], and found that they were indistin-

guishable from WT mice (data not shown).

Analysis of inflammasomes-deficient mice intranasaly infected

with B. pseudomallei confirmed the importance of ASC, caspase-1,

and both NLRP3 and NLRC4 inflammasomes for resistance to

melioidosis. However, quite surprisingly, although production of

IL-1b and IL-18 in vitro is mediated by both NLRP3 and NLRC4,

in vivo it is exclusively dependent on the NLRP3-ASC-caspase-1

inflammasome (figure 2C). In contrast, Nlrc4-/- mice produce these

cytokines in amounts that exceed even those detected in WT mice.

Remarkably, despite the abundance of IL-1b and IL-18, Nlrc4-/-

mice were dramatically more susceptible to melioidosis than WT

mice, rapidly succumbed to the infection, and had very high

organ’s bacteria burden and worst neutrophilic lung inflammation.

Thus, the critical role of NLRC4 during melioidosis is indepen-

dent of IL-1b and IL-18 production. Rather, our results suggest

that pyroptosis, which we show is defective in Nlrc4-/- cells, is a

critical NLRC4 effector mechanism to fight B. pseudomallei and, in

its absence, bacterial replication and IL-1b production proceeds

unrestrained causing severe inflammation, morbidity and mortal-

ity. Moreover, our analysis indicates that pyroptosis and IL-18 are

both required and contribute equally to resistance to melioidosis.

Thus, deficiency of either is equally lethal while deficiency of both

(Casp1-/- mice) further worsens the outcome. It is important to

emphasize that our study is the first to demonstrate the importance

of pyroptosis in the context of an infection with a clinically relevant

human pathogen that has not been genetically manipulated, as

opposed to the previous seminal work by Miao et al. [3] that

elegantly employed genetically manipulated bacteria and mouse

strains to identify pyroptosis as an effective innate immune defence

mechanism against bacterial infections. Previous reports have

demonstrated activation of both NLRP3 and NLRC4 inflamma-

somes in response to infection with Legionella pneumophila [16],

Listeria monocytogenes [35], and Salmonella typhimurium [36]. However,

in those infection models NLRP3 and NLRC4 appeared to play

redundant roles while in our model we were able to assign distinct

functions to each inflammasome.

A great number of publications have documented the role of IL-

18 and IL-1b during infections with a variety of pathogens. Almost

invariably, both cytokines were found to have a protective

function. Remarkably, our results show that while Il-18-/- mice

are profoundly vulnerable to melioidosis, as previously shown [37],

Il-1r1-/- mice were unexpectedly more resistant than WT mice.

The protective role of IL-18 during melioidosis appears to be

related to its ability to induce IFNc, as administration of

exogenous IFNc completely rescued the survival of Il-18-/-

infected mice. IFNc activates the microbicidal activity of

macrophages and has been shown to be important for resistance

against infection with many pathogens including B. pseudomallei [8–

10]. It is interesting and surprising to see that Asc-/- and Nlrp3-/-

mice, which are defective in IL-1b and IL-18 production, are more

resistant to B. pseudomallei than mice lacking IL-18. It is worth

noting that although IL-18 production is drastically reduced in

Asc-/- and Nlrp3-/- mice, it is still detectable in these mice at higher

level than uninfected mice. It is conceivable that this inflamma-

some-independent production of IL-18 may be sufficient to

provide some level of protection to Asc-/- and Nlrp3-/- mice against

infection with low B. pseudomallei CFU.

Our discovery that Il-1r1-/- mice were more resistant than WT

to B. pseudomallei infection is quite surprising considering that this

cytokine has been shown to be protective in several bacterial, viral,

and fungal infection models [38]. Studies in humans have also

shown that inhibition of the function of IL-1 using the IL-1R

antagonist IL-1ra (Kineret) is associated with increased suscepti-

bility to bacterial infection. Infected Il-1r1-/- mice had lower BALF

levels of proinflammatory cytokines as well as a reduction of

neutrophil influx into the lungs, bacterial burdens, and lung

pathology. Consistent with a deleterious role of IL-1b in

melioidosis, administration of recombinant IL-1b drastically

increased mortality, inflammation, pathology, and bacteria

burdens while administration of IL-1ra (Kineret) rescued the

survival of WT mice infected with a lethal dose of B. pseudomallei.

The reason for the detrimental effect of IL-1b during

melioidosis is unclear and it is likely that several factors determine

this outcome. IL-1b is one of the most powerful proinflammatory

cytokines, it affects virtually every organ, and several human

pathologies are primarily driven by unrestrained IL-1b produc-

tion. One possible mechanism to account for IL-1b’s deleterious

role in melioidosis may be related to its ability to inhibit IFNc
production through the induction of the cycloxigenase COX-2

and release of prostaglandin PGE2 [39,40]. Our observation that

the level of IFNc, a protective factor against B. pseudomallei, was

significantly higher in infected Il-1r1-/- than WT mice (figure 3C)

supports this type of scenario in melioidosis. Interestingly IL-8, a

potent neutrophil chemoattractant, was shown to enhance the

Figure 7. Inflammasomes-dependent protective and deleteri-
ous responses activated by B. pseudomallei. B. pseudomallei
induces NLRC4-dependent pyroptosis that restricts intracellular bacte-
rial growth. Activation of NLRP3-inflammasome leads to production of
IL-18 and IL-1b. IL-18 is protective because of its induction of IFNc. IL-1b
deleterious role may be due to several reasons including excessive
recruitment of neutrophils, which may support intracellular growth of B.
pseudomallei, tissue damage, and inhibition of IFNc production.
doi:10.1371/journal.ppat.1002452.g007
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intracellular growth and survival of B. cepacia in bronchial

epithelial cell lines [41]. Whether IL-1b promotes B. pseudomallei

intracellular replication is not known but our preliminary results

indicated that induction of pyroptosis by B. pseudomallei was not

affected by IL-1b.

IL-1b regulates neutrophil recruitment to inflammatory sites

through multiple mechanisms including induction of KC, MIP-2,

and IL-17, inflammatory mediators whose expression in our

experiments correlated with the presence/absence of IL-1RI-

mediated signaling. Excessive PMN recruitment is known to cause

tissue damage leading to functional impairment of multiple organs,

including the lungs [42,43]. One of the most remarkable

observations reported here is that the absence of IL-1 signaling

was associated with reduced lung neutrophilic inflammation but

also lower bacterial burdens in the lungs (figure 3B, 4B).

Conversely, IL-1b administration resulted in increased neutrophil

recruitment but also increased bacterial burdens and systemic

dissemination. These results would be consistent with the idea that

neutrophils are not very effective at containing B. pseudomallei

infection and, in fact, may foster its spread despite their strong

microbicidal activities. This notion is supported by our observation

that human or mouse neutrophils infected with B. pseudomallei

failed to undergo pyropotosis (figure 5), consistent with the finding

that neutrophils do not express NLRC4 [3]. At the same time,

intracellular B. pseudomallei replication proceeded unaffected in

both WT and Nlrc4-/- neutrophils in agreement with a report that

showed that B. pseudomallei is intrinsically resistant to killing by

infected PMN [44]. In support for a deleterious role of neutrophils

in melioidosis we found that inhibition of their recruitment by

administration of IL-1ra or the CXCR2 neutrophil chemokine

receptor antagonist antileukinate protected Nlrc4-/- mice from

infection with low doses of B. pseudomallei and decreased systemic

spread of bacteria (figure 6).

Taken together our results suggest the following scenario: failure

of Nlrc4-/- infected macrophages to undergo pyroptosis results in

higher bacteria burden and continued production of IL-1b and

other factors that attract more inflammatory cells, including

neutrophils, perpetuating excessive lung inflammation and pro-

moting bacteria dissemination. It is tempting to speculate that IL-

1b promotes B. pseudomallei growth possibly by increasing the local

pool of infectable permissive cells, including PMN. Our conclusion

that neutrophils are a permissive cell type for B. pseudomallei

replication seems to contrast with a report [45] that indicated that

depletion of neutrophils resulted in severe increase in mortality in

a model of murine melioidosis. However, caution should be used

in the interpretation of these types of experiments because systemic

depletion of neutrophils devoids the host not only of their

microbicidal function but also of the many immunomodulatory

functions these cells exert [46]. Of note, mice deficient in

osteopontin, a pleiotropic cytokine that is chemotactic for

neutrophils, were shown to be more resistant to B. pseudomallei

infection [47], supporting our conclusion that neutrophils have a

detrimental role in melioidosis.

The notion that excessive inflammation may be detrimental in

certain infection models is well accepted. For example, TLR-

mediated signaling negatively affects the outcome of infections

with West Nile Virus [48] or influenza virus [49]. The fact that IL-

1b is deleterious in melioidosis but protective against other lung

pathogens like Klebsiella, Francisella, Mycobacterium, Respiratory

Syncytial Virus, and influenza virus likely reflects differences

between the virulence strategy of B. pseudomallei and those other

pathogens. The intensity, kinetics, and quality of the inflammatory

response elicited by B. pseudomallei and its ability to suppress the

induction of anti-inflammatory circuitries are phenomena that we

are interested to investigate in detail. Despite an extensive

literature search we could identify only a single report [26] where

IL-1b was shown to be deleterious in bacterial infections. It was

demonstrated that this cytokine had a negative effect on bacterial

clearance in a model of pneumonia caused by Pseudomonas

aeruginosa, an organism that shares features with Burkholderia, which

was in fact previously classified in the Pseudomonas genus.

Surprisingly, the same group also reported a deleterious role for

IL-18 in this type of infection [50], a further indication that each

pathogen displays unique virulence strategies. It has been shown

that activation of the inflammasome exacerbates inflammation

without restricting bacterial growth in a model of Mycobacterial

infection [51]. That report did not examine the role of IL-1b but

other work showed it is protective during tuberculosis [23].

This is the first report that has analyzed in detail the role of the

inflammasome during melioidosis. Previous work has implicated

caspase-1 [52] and IL-18 [37] in this infectious disease although

the pathways that led to their activation were not investigated.

Other species of Burkholderia have been used as model organisms to

study aspects of inflammasome biology. Surprisingly, B. thailan-

densis, which is has been used as a model for melioidosis although it

rarely causes disease in humans, was reported to cause similar

disease in WT and IL-18- IL-1b-double deficient mice [3]

suggesting that species of Burkholderia other than B. pseudomallei

may not be reliable models for melioidosis.

In summary, our work shows that NLRP3 and NLRC4 play

non-redundant roles during B. pseudomallei infection by differen-

tially regulating pyroptosis and production of IL-1b and IL-18; it

demonstrates that pyroptosis is an efficient effector mechanism to

restrict in vivo bacterial growth and dissemination; it identifies a

deleterious role of IL-1b in melioidosis possibly due to excessive

recruitment of neutrophils, a cell type that may be permissive to

replication of B. pseudomallei; and, finally, it indicates that inhibition

of IL-1RI-mediated signaling may be a beneficial therapeutical

approach for the treatment of melioidosis.

Materials and Methods

Ethics statement
All the animal experiments described in the present study were

conducted in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health. All animal studies were conducted under a

protocol approved by the University of Tennessee Health Science

Center (UTHSC) Institutional Animal Care and Use Committee

(IACUC, protocol #1854). All efforts were made to minimize

suffering and ensure the highest ethical and humane standards.

Research involving human blood is exempt from the human

subjects regulations. Human neutrophils and monocytes were

isolated from healthy donors Leukopacks obtained from Lifeblood

Mid-South Regional Blood Center, Memphis TN. All leukopaks

are obtained anonymously. The gender, race, and age of each

donor are unknown to the investigators.

Mice
C57BL/6, Il-1r1-/-, Il-18-/-, C57BL/6J-Chr13A/J/NaJ mice

were purchased from Jackson lab. Il-18-/--Il-1r1-/- double deficient

mice (DKO) were obtained by crossing the parental single knock-

out mice. Asc-/-, Nlrp3-/-, Nlrc4-/- (from Vishva Dixit, Genentec)

and Casp1-/- (from Fayyaz Sutterwala) were bred in our facility. All

mouse strains were on C57BL/6 genetic background and were

bred under specific pathogen-free conditions. Age-(8–12 weeks

old) and sex-matched animals were used in all experiments.

Generally, experimental groups were composed of at least 5 mice.
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Animal and in vitro experiments involving B. pseudomallei were

performed under biosafety level 3 conditions in accordance with

standard operating procedures approved by the Regional

Biocontainment Laboratory at UTHSC.

Bacteria, mice infection, and treatments
For all experiment the B. pseudomallei 1026b strain (a clinical

virulent isolate) was used. Bacteria were grown in Luria broth

(Difco) to mid-logarithmic phase, their titer was determined by

plating serial dilutions on LB agar, and stocks were maintained

frozen at 280uC in 20% glycerol. No loss in viability was observed

over prolonged storage. For infections, frozen stocks were diluted

in sterile PBS to the desired titer. Aliquots were plated on LB agar

to confirm actual CFU. Mice were anesthetized with isoflurane

using a Surgivet apparatus and 50 ml of bacteria suspension were

applied to the nares. In some experiments, mice were injected i.p.

daily with recombinant mouse IL-1b (1 mg) or IFNc (1 mg). IL-1ra

(Biovitrum) was administered by alternating s.c. and i.p. injections

every 12 hours (60 mg/kg body weight). Antileukinate (American

Peptide Company) was administered by s.c. injection (8 mg/kg

body weight).

Generation of mouse BMDM and BMDC
Mouse macrophages or dendritic cells were generated by

incubating bone marrow cells in RPMI 1640-10%FCS supple-

mented with either rmM-CSF or rmGM-CSF (20 ng/ml) for 8

days, respectively.

Isolation of mouse neutrophils
Neutrophils and monocytic cells were isolated from the bone

marrow cells of WT or Nlrc4-/- mice using Miltenyi Ly6G

microbeads. Flow-through cells, consisting mostly of monocytic

cells, were further purified using Miltenyi CD11b microbeads.

Isolation of human neutrophils and monocytes
Human neutrophils and monocytes were isolated from healthy

donors Leukopacks obtained from Lifeblood Mid-South Regional

Blood Center, Memphis TN. Blood was mixed with Isolymph

(CTL Scientific Supply Corp.) (5:1 ratio) and RBC were allowed to

sediment for 60 min at RT. The leukocytes-enriched supernatant

was washed, resuspended in PBS, and stratified over Isolymph

cushion and centrifuged at 1,350 rpm for 40 min. The cell pellet

containing RBC and neutrophils was treated with 0.2% NaCl for

30 seconds to lyse RBC and immediatedly treated with an equal

volume of 1.6% NaCl. The PBMC containing ring from the

Isolymph centrifugation step was collected, washed, and mono-

cytes were purified using CD14 microbeads (Miltenyi). The

procedure routinely yield populations of purity greater than 95%.

Pyroptosis and intracellular bacteria growth (kanamycin
protection assay)

Release of LDH in tissue culture media, a reflection of

pyroptosis, was measured using the Roche Cytotox detection kit.

BMDM, PMN, or monocytes (56105 cells) were plated in 24 well

plates. Bacteria at different MOI were added to the cell culture

and the plates were centrifuged at 1500 rpm for 10 minutes to

maximize and synchronize infection and incubated for 30 minutes

at 37uC. Cells were washed with PBS to remove extracellular

bacteria and medium containing kanamycin (200 mg/ml) was

added to inhibit extracellular bacteria growth. Media were

collected at 1, 2, 4, 8, 12 hours post infection for LDH

measurement. Cells were lysed in PBS-2% saponin-15% BSA

and serial dilutions of the lysates were plated on LB agar plates

containing streptomycin (100 mg/ml) using the Eddy Jet Spiral

Plater (Neutec). Bacterial colonies were counted 48 hours later

using the Flash & Grow Automated Bacterial Colony Counter

(Neutec).

Determination of bacteria growth in tissue culture and
organs

Organs aseptically collected were weighted and homogenized in

1 ml PBS using 1 mm zirconium beads and the Mini16 bead

beater. Serial dilutions were plated as described above.

Western blot
Conditioned supernatants were separated by 12% PAGE

electrophoresis, transferred to PVDF membranes, and probed

with rabbit anti-caspase-1 (Upstate Biotechnologies) or goat anti-

mIL-1b (R&D Systems).

BALF collection and cytokines measurements
BALF were collected from euthanized mice by intratracheal

injection and aspiration of 1 ml PBS. Cytokines levels in tissue

culture conditioned supernatants and BALF were measured using

the Milliplex mouse cytokine/chemokine panel (Millipore) and

confirmed by ELISA using the following paired antibodies kits:

mIL-1b and mIFNc (eBioscience), mIL-18 (MBL Nagoya, Japan).

MPO level in BALF were measured using the HyCult Biotech

ELISA kit.

Flow cytometry
Cells obtained from BALF were counted and stained with

CD45, CD11b, CD11c, F4/80, GR1 (Ly6G), and analyzed with a

LSRII BD flow cytometer.

Histology and measurement of area of inflammatory foci
Formalin-fixed paraffin-embedded lung sections were stained

with H&E and scanned using the Aperio Scanscope XT. The

Aperio ImageScope software was used to quantitate the area of the

inflammatory foci compared to the total lung lobe area. Results

from lungs from 5 animals per group were combined.

RT-PCR
Total RNA was extracted using Trizol (Invitrogen) and 100 ng

were amplified (27 cycles) using Superscript III One-step RT-PCR

(Invitrogen) and primers specific for human Nlrc4, Nlrp3, Asc, and

GAPDH (primers’ sequence available upon request).

Statistical analysis
All data were expressed as mean 6 S.E.M. Survival curves were

compared using the log rank Kaplan-Meier test. 1way ANOVA

and Tukey Post-test was used for analysis of the rest of data unless

specified in the figure legends. Significance was set at p,0.05.

Statistical analyses were performed using the GraphPad Prism 5.0.

Accession numbers
UniProtKB/Swiss-Prot ID: IL-1b, P10749; IL-1R1, P13504;

IL-18, P70380; NLRP3, Q8R4B8; NLRC4, Q3UP24; ASC,

Q9EPB4; Casp-1, P29452; NAIP5, Q8CGT2.

Supporting Information

Figure S1 NLRP3 and NLRC4 differentially regulate
production of IL-1b and IL-18 and pyroptosis. BMDC

were infected with B. pseudomallei at MOI of 10. (A) Secretion of

mature IL-1b was measured in conditioned supernatants at the
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indicated times. (B) Processing of IL-1b and caspase-1 were

detected by immunoblot in 8h conditioned supernatants from A.

(C) BMDC infected with B. pseudomallei (MOI 10) were lysed at the

indicated time points after infection and intracellular bacterial

growth was quantitated (upper panel). Induction of pyroptosis was

measured as LDH release in conditioned supernatants (lower

panel). One experiment representative of four (A) or three (C) is

shown. *p,0.05, **p,0.01, ***p,0.001 (1way ANOVA).

(TIF)

Figure S2 Cytokines and chemokines were measured in
BALF obtained from the indicated mouse strains 48
hours or 72 hours post-infection, as shown. *p,0.05,

**p,0.01, ***p,0.001 (1way ANOVA).

(TIF)

Figure S3 Myeloperoxidase (MPO) was measured in
BALF of the indicated mouse strains corresponding to

the experiments of figures 3B, 4F, and 6D. *p,0.05,

**p,0.01, ***p,0.001 (1way ANOVA).

(TIF)
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Abstract

Viruses have evolved elaborate mechanisms to evade or inactivate the complex system of sensors and signaling molecules
that make up the host innate immune response. Here we show that human coronavirus (HCoV) NL63 and severe acute
respiratory syndrome (SARS) CoV papain-like proteases (PLP) antagonize innate immune signaling mediated by STING
(stimulator of interferon genes, also known as MITA/ERIS/MYPS). STING resides in the endoplasmic reticulum and upon
activation, forms dimers which assemble with MAVS, TBK-1 and IKKe, leading to IRF-3 activation and subsequent induction
of interferon (IFN). We found that expression of the membrane anchored PLP domain from human HCoV-NL63 (PLP2-TM) or
SARS-CoV (PLpro-TM) inhibits STING-mediated activation of IRF-3 nuclear translocation and induction of IRF-3 dependent
promoters. Both catalytically active and inactive forms of CoV PLPs co-immunoprecipitated with STING, and viral replicase
proteins co-localize with STING in HCoV-NL63-infected cells. Ectopic expression of catalytically active PLP2-TM blocks STING
dimer formation and negatively regulates assembly of STING-MAVS-TBK1/IKKe complexes required for activation of IRF-3.
STING dimerization was also substantially reduced in cells infected with SARS-CoV. Furthermore, the level of ubiquitinated
forms of STING, RIG-I, TBK1 and IRF-3 are reduced in cells expressing wild type or catalytic mutants of PLP2-TM, likely
contributing to disruption of signaling required for IFN induction. These results describe a new mechanism used by CoVs in
which CoV PLPs negatively regulate antiviral defenses by disrupting the STING-mediated IFN induction.

Citation: Sun L, Xing Y, Chen X, Zheng Y, Yang Y, et al. (2012) Coronavirus Papain-like Proteases Negatively Regulate Antiviral Innate Immune Response through
Disruption of STING-Mediated Signaling. PLoS ONE 7(2): e30802. doi:10.1371/journal.pone.0030802

Editor: Karen L. Mossman, McMaster University, Canada

Received November 11, 2011; Accepted December 21, 2011; Published February 1, 2012

Copyright: � 2012 Sun et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: National Natural Science Foundation of China (No. 30972761, No. 30870536, No. 81172799 to ZC), Beijing Natural Science Foundation (No. 7092075 to
ZC) and National S&T Major Project (2008ZX10004-015 to ZC) and Chinese National High-Tech R&D Program (‘‘863’’ Program) (2006AA02Z412 to ZC), and the
National Institutes of Health, USA (AI060915 to SCB), and the U.S. Department of Defense (W81XWH-09-01-0391 to KL). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: chenzb@bmi.ac.cn (ZC); sbaker1@lumc.edu (SCB)

. These authors contributed equally to this work.

Introduction

The innate immune system is the first line of defense that

protects the host against viral infection. Viral infections are

sensed by pattern-recognition receptors (PRRs) of the innate

immune system that recognize pathogen-associated molecular

patterns (PAMPs) and then trigger an antiviral response [1]. Viral

nucleic acids, such as the viral genome or replicative interme-

diates produced during viral replication, can be recognized by

toll-like receptors (TLR3/7/8/9) or the retinoid acid-inducible

gene (RIG)-I-like helicase (RLH) family members RIG-I and

melanoma differentiation-associated protein 5 (MDA-5) [2,3].

Viral double stranded RNA can be sensed by membrane bound

TLRs or cytosolic sensors like MDA-5, whereas RIG-I detects

intracellular viral RNAs bearing 59-triphosphate ends with base-

paired structures to activate antiviral signaling [4–7]. Upon

engagement with viral RNA, these PRRs recruit different adaptor

proteins (MAVS/IPS-1/VISA/Cardif for RIG-I, and TRIF for

TLR3 and MyD88 for TLR7/8/9), and transduce signals to the

downstream kinase complexes which activate IFN regulatory

factor-3 (IRF-3), nuclear factor kB (NF-kB) and ATF-2/c-jun.

These transcription factors coordinately regulate the expression

of type I Interferons (IFN-b and -a). Type I IFNs induce the

activation of STAT transcription factors that induce the

expression of hundreds of IFN-stimulated genes (ISGs) which

establish an antiviral state in surrounding cells, thereby limiting

viral replication and spread.

Recent investigations into the induction of the type I IFN

response identified a new player in the pathway, designated here

as STING (stimulator of interferon genes; also called MITA, ERIS

and MPYS) [8–11]. STING was identified by investigators

screening cDNA libraries for genes that, when overexpressed,

were sufficient to activate production of IFN. Further studies

revealed that STING-knockout mice are susceptible to lethal

infection with herpes simplex virus 1 and vesicular stomatitis virus,

demonstrating the critical role of STING in facilitating immune
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responses to viral pathogens [12]. STING, with four transmem-

brane domains in the N-terminal region, is detected in the

endoplasmic reticulum (ER) and upon activation complexes with

signaling components including TBK1, leading to phosphorylation

of IRF-3 [8]. In addition, activation of STING induces its

dimerization and ubiquitination, which are proposed to play

important roles in the activation of IRF-3 signaling [9].

Coronaviruses (CoV) are positive strand RNA viruses that

replicate in the cytoplasm of infected cells and produce a nested-

set of double-stranded RNA intermediates during viral RNA

synthesis [13]. Despite the generation of dsRNA intermediates,

CoV infection generally does not induce high levels of IFN

production [14–18]. The new-emerging and most pathogenic

CoV, severe acute respiratory syndrome coronavirus (SARS-

CoV) inhibits the induction of IFN-b through blocking translo-

cation of the transcription factor interferon regulatory factor 3

(IRF-3) from the cytoplasm to the nucleus at a later time point in

infection [15]. However, activation of innate immunity in specific

cell types is likely essential for generating a protective immune

response. Studies using knockout mice or siRNA treatment of cell

lines indicate that PRR TLR-7 in plasmacytoid dendridric cells

[19]; MDA5 in brain macrophages [20], MDA5 and RIG-I in

oligodendrocytes [21], and the adapter protein MyD88 are

critical for activation of the innate response and protection from

lethal coronavirus infection [22]. These studies are consistent

with the idea that coronavirus infection induces a type I

interferon response in a subset of cells and that the ability to

mount an effective innate immune response is essential for

clearing the viral infection and generating protective immunity.

Furthermore, recent studies indicate that the inefficient activation

of the innate immune response may contribute to development of

more severe disease [23], [24]. At least two mechanisms have

been proposed to explain the low level of type I interferon

response to coronavirus infection: the sequestering of viral RNA

in double membrane vesicles [25], [26] which prevents or reduces

recognition by PRRs; and/or the expression of viral proteins that

antagonize the innate response (reviewed in [13]). The most

pathogenic CoV, severe acute respiratory syndrome coronavirus

(SARS-CoV), which resulted in a 10% mortality rate, encodes at

least 6 innate immune antagonists, including nonstructural

protein 1 (nsp1) [27], the papain-like protease domain in nsp3

[17], nucleocapsid protein [28,30], membrane protein [29] and

the products of open reading frame 6 (ORF6) and ORF3b [30].

Another important human CoV is NL63, which causes croup in

children and is associated with pneumonia in the elderly [31].

HCoV-NL63 also encodes a papain-like protease, termed PLP2,

which antagonizes IFN induction [14]. These coronavirus

papain-like protease domains (PLPs) are contained within the

nonstructural protein 3 (nsp3), which is expressed as part of a

replicase polyprotein. The PLPs along with a 3C-like protease

(3CLpro) cleave the replicase polyprotein to generate nonstruc-

tural proteins (nsp’s) that associate with ER membranes to

generate convoluted membranes and double membrane vesicles

(DMVs), which are the site of viral replication [25,26]. The CoV

PLPs are tethered to the DMVs by a transmembrane domain

(Figure 1A). Analysis of enzymatic activity and structural studies

revealed that SARS-CoV PLpro and HCoV-NL63 PLP2

function as both proteases and deubiquitinating (DUB) enzymes

[14,32–35]. Initially, we speculated that CoV PLPs may act as

IFN antagonists via their protease or DUB activities, however we

found that both catalytic dependent and catalytic independent

mechanisms contribute to PLP-mediated IFN antagonism

[14,17]. Our previous studies indicated that SARS-CoV PLpro

inhibits host antiviral innate immune response by inhibiting

phosphorylation, dimerization and nuclear translocation of IRF-

3, likely by forming a complex with IRF-3 [17]. However, the

precise mechanism by which CoV PLPs inhibit IRF-3 activation

is still unclear. In this work, we demonstrate that CoV PLPs

antagonize IRF-3 signaling by targeting the IRF-3 scaffolding

protein STING for inhibition. We also characterize both

catalytic-dependent and catalytic-independent roles for PLPs in

blocking the activation of IFN response.

Results

CoV PLPs antagonize STING-mediated activation of IRF-3
To determine if CoV PLPs are capable of blocking STING-

mediated activation of an IRF-3 dependent promoter [36,37], we

assessed the level of IFN stimulated response element reporter

(ISRE-Luc) activity in the presence of STING with increasing

amounts of coronavirus PLPs. Stimulation of HEK-293T cells

with STING alone resulted in greater than 20-fold increase in

activity of the ISRE-dependent reporter. Co-expression of STING

with wild-type PLP2-TM or PLpro-TM resulted in a dose

dependent decrease in ISRE activity indicating that these PLPs

can antagonize STING-mediated activation of an IRF-3 depen-

dent promoter (Fig. 1 B and C and supporting information (SI)

Fig. S1). To determine if this antagonism is dependent on PLP

catalytic activity, cells were co-transfected with plasmid DNA

expressing STING and catalytic cysteine mutants of either PLP2-

TM or PLpro-TM. Consistent with previous studies, CoV PLP

catalytic mutants also act as antagonists, although they are less

effective than wild-type PLPs in antagonizing the IFN response

[14,17]. The effect of PLP2-TM on STING-mediated activation

was also visualized using confocal microscopy. HEK-293T cells

were transfected with STING-HA in the absence or presence of

PLP2-TM and the localization of IRF-3 was monitored by

immunofluorescence assay. In cells expressing STING-HA, IRF-3

translocates to the nucleus. However, in cells co-expressing PLP2-

TM, IRF-3 remains in the cytoplasm (Fig. 1D). In addition,

STING-HA and PLP2-TM co-localize in the cytoplasm of

transfected cells. These results indicate that CoV PLPs antagonize

STING-mediated activation of IRF-3.

CoV PLPs associate with STING
One possible mechanism for HCoV PLPs antagonism of

STING-mediated activation of IFN is to associate with STING,

either directly or as part of a multi-protein complex. Co-

immunoprecipitation experiments were performed to determine

if CoV PLPs associate with STING. HEK-293T cells were co-

transfected with plasmid DNA expressing an epitope tagged

version of STING (STING-Flag) in the presence or absence of

PLP2-TM and cell lysates were subjected to immunoprecipitation

with anti-Flag antibody. The products of the immunoprecipitation

were separated by SDS-PAGE and visualized by immunoblotting

(Fig. 2A). The results show that both NL63 wild-type and catalytic

mutant PLPs are detected in association with STING. Similar co-

immunoprecipitation results were obtained using PLpro-TM (Fig.

S2) Next, we wanted to determine if STING is sequestered in

HCoV-NL63-infected cells. HEK293-ACE2 cells, which express

angiotensin-converting enzyme 2 (ACE2), a key receptor for SARS

and NL63 coronaviruses, were transfected with STING-V5,

infected with HCoV-NL63 and analyzed by confocal microscopy

at 24 hrs postinfection. HCoV-NL63 replicase protein nsp3 which

contains the PLP2-TM region is detected as punctate, perinuclear

staining in virus-infected cells [35,38]. Interestingly, we detected

partial co-localization of STING and nsp3 in virus-infected cells

suggesting that STING may be sequestered in the viral replication
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complex and unable to mediate signaling (Fig. 2B). These results

indicate that these CoV PLPs associate with STING either directly

or as part of a multi-protein complex.

STING dimerization is reduced in the presence of CoV
PLPs

Recent studies indicate that activation of the innate immune

response signaling pathway induces dimerization and phosphor-

ylation of STING, which are required for activation of the IFN

response [9]. STING dimers can be visualized as a band at 80 kDa

when resolved on SDS-PAGE [9]. We hypothesize that PLPs

inhibit STING-mediated signaling through the disruption of

assembly or stability of STING dimers. To test this hypothesis,

cells were co-transfected with plasmid DNA expressing STING-

Flag in the presence or absence of PLP2-TM and Sendai virus

(SeV), and cell lysates were evaluated for STING dimers by

immunoblotting with anti-Flag (Figure 3A). We detected STING

dimers in STING-transfected and SeV-infected cells (Fig. 3A,

lanes 2 and 4). In contrast, STING dimers were reduced in cells

co-expressing PLP2-TM (Fig. 3A, lanes 3 and 5). Similar results

were obtained when we evaluated PLpro-TM for disruption of

STING dimers (Fig. S3), indicating that these CoV PLPs either

prevent assembly or promote dissociation of STING dimers. A

similar reduction in STING dimers was seen in cells transfected

with STING-HA and infected with SARS-CoV (Fig. 3B, lane 2).

In contract, STING dimers were not reduced when infected with

SeV (Fig. 3B, lane 3). Collectively, these results indicate that

STING dimerization was reduced in the presence of CoV PLPs,

and was also substantially reduced in cells infected with SARS-

CoV.

Figure 1. Expression of coronavirus PLPs blocks STING-mediated activation of the interferon stimulated response element (ISRE).
(A) Schematic diagram of human coronaviruses (HCoV) NL63 illustrating the processing of replicase polyproteins to generate nonstructural proteins
(nsp’s). The papain-like protease domains, the catalytic residues that essential for protease catalytic activity [35], and the transmembrane (TM) domain
within nsp3 are indicated. (B and C) HEK293T cells were transfected with the STING-HA, ISRE-luc reporter and either wild-type or catalytic mutants of
HCoV-NL63 PLP2-TM or SARS-CoV PLpro-TM. Asterisks indicate statistical significance (P,0.05) in comparison with ISRE-reporter activity stimulated
with STING. (D) Immunofluorescence microscopy of HEK-293T cells expressing STING-HA and PLP2-TM-V5. Cells were fixed at 24 hrs post-transfection
and the localization of endogenous IRF-3 (anti-IRF-3, green) and the epitope-tagged products was visualized by confocal microscopy.
doi:10.1371/journal.pone.0030802.g001

Figure 2. Coronavirus NL63 PLP2-TM associates with STING and nsp3 co-localizes with STING in virus-infected cells. (A) HEK293T cells
were cotransfected with plasmid DNAs expressing STING-Flag and either wild type or catalytic mutants of NL63-PLP2-TM-V5. Cell lysates were
prepared at 28 hrs post-transfection and subjected to immunoprecipitation (IP) with anti-Flag antibody. The products of the immunoprecipitation
were separated by SDS-PAGE and subjected to immunoblotting (IB). STING-Flag, PLP2-TM-V5 and the catalytic mutant expression were selectively
detected from whole cell lysates (WCL) using anti-Flag and anti-V5 antibodies. (B) HEK293-ACE2 cells were transfected with STING-V5 for 4 hours and
then infected with HCoV-NL63 for 24 hrs and evaluated for expression of and localization of replicase product nsp3 (anti-nsp3, red) and STING-V5
(anti-V5, green).
doi:10.1371/journal.pone.0030802.g002
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To determine if PLP catalytic activity is important for disruption

of STING dimers, cells were co-transfected with plasmid DNA

expressing STING-HA and STING-Flag and plasmid DNA

expressing wt or catalytic mutants of PLP2-TM. Disruption of

dimers was assessed by immunoprecipitation and immunoblotting

(Fig. 3C). If STING-HA and STING-Flag form heterodimers,

Figure 3. NL63 PLP2-TM interacts with STING and disrupts STING dimers. (A) HEK293T cells were co-transfected with plasmid DNA
expressing STING-Flag, and/or PLP2-TM and/or infected with Sendai virus (SeV) as indicated above. The cell lysates were separated by SDS-PAGE and
subjected to immunoblotting with antibodies as indicated on the left. (B) HEK293-ACE2 cells were transfected with plasmid DNA expressing STING-
HA and infected with SARS-CoV as indicated and cell lysates were subjected to immunoprecipitation with anti-HA. The immunoprecipitated products
were analyzed by SDS-PAGE and immunoblotted to access STING monomers and dimers. Whole cell lysates were immunoblotted to detected SARS-
CoV replicase protein nsp3 and STING-HA. (C) Cells were co-transfected with STING-HA and STING-Flag with either wild-type or the indicated catalytic
mutant of PLP2-TM and lysates were immunoprecipitated (IP) and immunoblotted (IB) to detect expression of each product.
doi:10.1371/journal.pone.0030802.g003
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then immunoprecipitation with anti-HA and immunoblotting with

anti-Flag will allow detection of these heterodimers, as shown in

Fig. 3C, lane 2. A reduction in STING dimers was detected in cells

expressing wt PLP2-TM and the D1849A mutant which retains

DUB activity (lanes 3 and 6), but not in cells expressing the

C1678A or H1836A mutants which do not possess DUB activity

[33]. These results indicate that PLP2 DUB activity is important

for disruption of STING dimers. Similar results were obtained

when we evaluated PLpro-TM for disruption of STING dimers

(Fig. S3) A previous report indicates that only the dimer form of

STING is ubiquitinated [9], which coupled with our observation

that PLPs with DUB activity reduce the accumulation of STING

dimers, supports a role for DUB activity in negatively regulating

STING. Thus, these results are consistent with a role for viral

DUB activity in antagonizing either the assembly or stability of

STING dimers.

PLP2-TM disrupts MAVS-STING-IKKe interaction
Next, we wanted to determine if PLP2-TM altered the assembly

of complexes required for activation of IRF-3 and the IFN

response. MAVS, a mitochondrial-associated adaptor protein is a

critical player in viral activation of the IFN response. Activation of

MAVS mediates the assembly of a multi-protein complex that

activates TBK-1/IKKe to phosphorylate IRF-3 [39]. Recent

studies revealed that STING associates with MAVS to recruit

TBK-1/IKKe and IRF-3 to a complex [8], and that activation of

STING is critical for activation of IRF-3 [11,12]. Therefore, we

investigated if PLP2-TM had any effect on assembly of these

signaling complexes. HEK-293T cells were co-transfected with

plasmid DNAs expressing STING-HA along with Flag-RIG-I,

Flag-MAVS or Flag-IKKe in the presence or absence of PLP2-

TM. Cell lysates were harvested and evaluated for co-immuno-

precipitation of complexes by immunoblotting. We found that

expression of PLP2-TM had no effect on co-immunoprecipitation

of RIG-I with STING (Fig. 4A), but that co-immunoprecipitation

of MAVS and IKKe was disrupted by expression of PLP2-TM

(Fig. 4B, lane 4 and Fig. 4C, lane 4). Overall, these results are

consistent with an important role for CoV PLPs in blocking

activation of IFN by disrupting STING-mediated activation and

complex formation.

PLP2-TM blocks ubiquitination of signaling molecules
Modification of signaling molecules by ubiquitination plays a

critical role in activation of the IFN response [40–42]. Here, we

asked if PLP2-TM can recognize and deubiquitinate key

complexes in the IFN signaling pathway. HEK-293T cells were

transfected with HA-Ub and epitope-tagged versions of either

RIG-I, TBK-1, IRF-3 or STING and cell lysates were subjected to

immunoprecipitation and immunoblotting to determine the

ubiquitination status of the immunoprecipitated proteins (Fig. 5).

We found that there was a dramatic reduction in the amount of

ubiquitinated RIG-I (A), TBK-1 (B), IRF-3 (C) and STING (D) in

cells expressing PLP2-TM. We also investigated the role of the

PLP2-TM catalytic activity in mediating deubiquitination. Cells

were transfected with HA-Ub and either wild-type or catalytic

mutants of PLP2-TM and as expected, we detected a reduction in

the level of ubiquitinated STING in the presence of wt and the

D1849A mutant of PLP2-TM (Fig. 5D, lanes 4 and 7).

Interestingly, expression of the PLP2-TM C1678A and H1836A

mutants, which are catalytically inactive [35], still resulted in

reduced levels of ubiquitined STING compared to the control

(Fig. 5D, lanes 5 and 6). These results suggest that the catalytically

inactive mutants of PLP2-TM may block access of STING to the

ubiquitination machinery, thereby resulting in reduced levels of

Figure 4. NL63 PLP2-TM disrupts signaling complex formation.
HEK293T cells were co-transfected with STING-HA together with either
Flag-tagged RIG-I (A), Flag-tagged MAVS (B) or Flag-tagged IKKe (C),
and PLP2-TM-V5. At 28 h after transfection, cell lysates were prepared
and subjected to immunoprecipitate (IP) and immunoblot (IB) with the
indicated antibodies. The asterisk indicates the nonspecific band.
doi:10.1371/journal.pone.0030802.g004
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Ub-conjugated STING. Thus, the IFN antagonism of the catalytic

mutants may be due to physical interaction with STING which

blocks access of ubiquitin chains or Ub-ligases or other modifying

enzymes that are required for efficient signaling [43,44]. A

previous report indicates that only the dimer form of STING is

ubiquitinated [9], which coupled with our observation that PLPs

with DUB activity reduce the accumulation of STING dimers,

supports a role for DUB activity in negatively regulating STING.

Thus, these results are consistent with a role for viral DUB activity

in antagonizing either the assembly or stability of STING dimers.

Discussion

In this study, we investigated the mechanisms of the IFN

antagonism imposed by the coronavirus papain-like proteases

(CoV PLPs). Previous studies suggested that CoV PLPs block IFN

synthesis by inhibiting virus-activated IRF-3 phosphorylation and

nuclear translocation, but the underlying mechanism was unclear

[14,17,32]. Here we show that both SARS-CoV PLpro-TM and

HCoV-NL63 PLP2-TM associate with an ER-associated protein,

STING and block assembly or stability of STING dimers which

are important for downstream signaling and induction of the IFN

response. Importantly, we have demonstrated that STING

colocalizes with nsp3 (which contains PLPs) in HCoV-NL63

infected cells, and that STING dimerization was substantially

reduced in cells infected with SARS-CoV. In addition, we found

that ubiquitination of signaling molecules is dramatically reduced

in the presence of HCoV-NL63 PLP2-TM, which may contribute

to destabilizing the signaling complex. Targeting of the signaling

complex by blocking ubiquitination and disruption of STING

dimers presents yet another mechanism used by coronaviruses to

prevent activation of innate immunity and illustrates how

coronavirus PLPs negatively regulate the IFN antiviral immune

response in host cells.

Targeting the stimulator of IFN genes, STING
Recent studies have revealed the arsenal of proteins that viruses

use to evade and subvert recognition by pattern-recognition

receptors (PRRs) or activation of signaling molecules that are

designed to respond to infectious agents [45]. STING is a key

scaffolding protein that links the cytosolic viral RNA sensors RIG-

I, rather than the MDA5, to the mitochondria protein MAVS

[8,11]. These cytosolic sensors have been shown to be important

for recognition of coronavirus RNA in oligodendrocytes [21] and

brain macrophages/microglia [20]. Activation of STING, either

by expression of N-RIG, the constitutive active caspase recruit-

ment domain of RIG-I or ectopic expression of STING itself,

induces the formation of STING dimers, which are modified by

phosphorylation and ubiquitylation [9]. The activation of STING

facilitates the recruitment of IRF-3 and TBK-1 into a complex

where IRF-3 is phosphorylated. Phosphorylated IRF-3 forms

dimers and is transported to the nucleus to activate transcription of

type I IFN genes. CoV PLPs target STING and prevent this key

scaffolding protein from activating IRF-3. Previously, we showed

that PLpro blocks NF-kB-dependent promoter activity and that

antagonism is abrogated using protease inhibitors [14]. Thus, CoV

PLPs interact with key signaling molecules and exploit both

catalytic dependent and catalytic-independent mechanisms to

block the innate immune response. CoV-PLPs disrupt signal

transduction to both IRF-3 and NF-kB, the key transcription

factors required for activation of IFN-b (Fig. 6). Interestingly, CoV

PLPs seem to exploit both catalytic dependent and independent

mechanisms to block STING activity and a catalytic-dependent

mechanism to disrupt NF-kB activity.

Previous studies have shown a role for viral proteases in

cleavage of key IFN signaling molecules [45]. For example, the

NS3/4A protease of hepatitis C virus and GB virus B and the

3ABC precursor of hepatitis A virus cleave MAVS/IPS-1, the

mitochondria-associated signaling molecule, which blocks activa-

tion of IFN synthesis [46–51]. Therefore, it seemed reasonable to

hypothesize that CoV PLPs exploited their protease or DUB

activity to antagonize the innate immune response. However, we

had previously shown that catalytically defective PLP mutants

were still capable of inhibiting IRF-3 activation [17]. Furthermore,

addition of a protease inhibitor that blocks both protease and

DUB activity [52] failed to abrogate the PLP inhibition on

activation of IRF-3 dependent promoters [14]. This led us to

suspect that CoV PLPs were interacting with a component in the

IFN signaling pathway. The fact that CoV PLPs are expressed as a

polyprotein that localizes to the ER [25,26] led us to evaluate ER

resident signaling molecules as targets of antagonism. The results

presented in this study indicate that CoV PLPs are particularly

potent antagonists because they can block: 1) STING dimeriza-

tion; 2) the MAVS-STING-IKKe interaction required for

signaling and 3) the ubiquitination of key signaling molecules

such as RIG-I, STING, IRF-3 and TBK-1. Interestingly,

catalytically inactive mutants of PLPs can interact, either directly

or as part of a signaling complex, with STING and moderately

inhibit IRF-3 activation for IFN induction, but wild type PLPs

exhibit the most robust inhibition. We found that catalytic activity

was important for blocking either the assembly or the stability of

STING dimers. In addition, we found that PLP2-TM either

Figure 5. Reduction of ubiquitinated forms of RIG-I, STING,
TBK1 and IRF-3 in the presence of NL63 PLP2-TM. HEK293 cells
were transfected with Flag-tagged RIG-I(A), TBK1(B), myc-IRF-3(C), or
STING-Flag (D) together with plasmid DNA expressing HA-tagged Ub in
the presence or absence of V5-tagged PLP2-TM-V5. Cells were
incubated for 24 hours after transfection and treated with 25 mM
MG132 for 4 hours prior to harvesting lysates. Lysates were immuno-
precipitated with the indicated antibody and the products were
subjected to immunoblotting with anti-HA to evaluate ubiquitinated
proteins (upper panels). The whole cell lysates (WCL) were blotted to
evaluate expression of each epitope-tagged product (bottom panels).
doi:10.1371/journal.pone.0030802.g005
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actively deubiquitinates or blocks the ubiquitination of the

signaling molecules. This is consistent with these reported works

that STING dimers were modified by ubiquitin [9]. By associating

with STING, either directly or as part of a signaling complex,

CoV PLPs can target and either block or deubiquitinate this

important signaling molecule. Of course the question still remains

if the PLP-STING interaction is direct or indirect, and what

region(s) of the PLP are required for this potential interaction.

These studies are currently ongoing. Understanding how to

negatively regulate STING-mediated innate antiviral signaling by

CoV PLPs may lead to the development of novel antiviral

therapies and new insights for regulating the IFN response during

acute and chronic infections.

DUBs as negative regulators of IFN activation
One of the striking findings in this report is the similarity in the

function of CoV PLPs and cellular DUBs such as the NF-kB

responsive gene A20, deubiquitinating enzyme A (DUBA), and the

tumor suppressor protein associated with cylindromatosis (CYLD)

[53–55]. Like CoV PLPs, cellular DUBs were identified as

negative regulators of the innate immune response. A20 is

considered a ‘‘central gatekeeper in inflammation and immunity’’

[56] because of its ability to interact with and mediate ubiquitin-

editing on signaling molecules such as RIP1, TRAF6, RIP2 and

NEMO. A20 DUB activity removes K-63 linked polyubiquitin

chains from RIP1, TRAF6, RIP2 and NEMO which results in

negative regulation of the innate immune response. In addition,

A20 has been shown to act by antagonizing interactions between

signaling molecules and ubiquitin conjugating enzymes [57].

Interestingly, both A20 and CoV PLPs can act on K-63 linked

ubiquitin chains [14,58]. Further experiments are needed to

determine if recognition, processing or sequestering of K-63 linked

ubiquitin is important for CoV PLPs negative regulation of the

IFN response. Cellular proteins DUBA and CYLD also negatively

regulate the innate immune response. Kayagaki and co-workers

found that DUBA targets and deubiquitinates TRAF3, a signaling

molecule required for activation of IRF-3 [55]. They showed that

reducing the expression of DUBA augments the IFN response to

poly(I:C) whereas ectopic expression of DUBA blocks the IFN

response. CYLD has been shown to deubiquitinate RIG-I to

inhibit IFN production [53,54]. Ectopic expression of CYLD

antagonizes the IFN response whereas siRNA-mediated knock-

down of CYLD expression allows for a more robust IFN response.

It seems that CoV PLPs are usurping the function of cellular

DUBs by behaving as negative regulators of the innate immune

response through targeting STING for both deubiquitination and

dimer disruption.

Another possibility is that CoV PLPs function by sequestering

STING as a mechanism of blocking activation of IFN. Both

catalytically active and inactive CoV PLPs could interact and

sequester STING and thereby prevent activation of IRF-3.

Coronavirus PLPs are part of the viral replicase polyprotein that

associates with ER membranes to form convoluted membranes

and double membrane vesicles (DMVs) which are the sites of

viral RNA synthesis [25,26,59]. Interestingly, STING also resides

in the ER and upon activation assembles with Sec5 into exocyst

vesicles [12]. The interaction of STING with PLP2-TM may

block the signals required for STING to translocate to exocyst

vesicles. Thus, further studies with CoV PLPs may reveal specific

targets of STING that modulate this arm of the innate immune

response.

In summary, the results of this study indicate that HCoV-NL63

and SARS-CoV PLPs inhibit host IFN-b production by targeting

and nullifying STING. Blocking this key scaffolding protein

prevents activation of IRF-3 and subsequent transcription of IFN-

b. The antagonism functions of CoV PLPs are important negative

regulators of the innate immune response and may be important

in the virulence and pathogenesis of human coronavirus infection.

Further characterization of the PLP-STING interaction may

provide new targets for antiviral interventions.

Materials and Methods

Cells and virus
HEK293T cells [44] were cultured using Dulbecco’s modified

Eagle’s medium containing 10% (v/v) fetal calf serum, supple-

mented with penicillin (100 U/ml) and streptomycin (100 mg/ml).

HEK293-ACE2 cells, which express angiotensin-converting en-

zyme 2 (ACE2), a key receptor for SARS and NL63 coronaviruses,

were kindly provided by Dr. Kui Li (University of Tennessee

Health Science Center, Memphis, USA) and cultured as above

with the addition of puromycin (10 mg/ml). HCoV-NL63 was

propagated in LLC-MK2 cells [35] which were kindly provided by

Lia van der Hoek (University of Amsterdam, The Netherlands)

and as previously described [35]. SARS-CoV was propagated in

VeroE6 cells as previously described [52]. All work with SARS-

CoV was performed in a biosafety level 3 facility using approved

protocols. Sendai virus was kindly provided to the Chen lab by Dr.

Shaobo Xiao (Huazhong Agricultural University, Wuhan, China)

or purchased from Charles River Laboratories.

Figure 6. Model depicting the mechanisms used by CoV PLPs
to block STING from signaling the activation of the IFN-b
induction pathway. (A) Activation of sensors such as RIG-I induces
interaction with the signaling complex including MAVS, STING, IRF-3
and TBK-1. Activated MAVS interacts with STING, which dimerizes,
leading to the activation of IKK complex, TBK1 and IKKe [8]. The
activation of this complex leads to the ubiquitination of RIG-I, STING,
IRF-3 and TBK1 and the phosphorylatin of STING and IRF-3. Activated
the transcription factor IRF-3 translocates to the nucleus inducing
production of IFN. (B) Coronavirus papain-like protease domains
(depicted here as PLP) interact with STING to block signaling by
blocking assembly or stability of STING dimers and preventing the
ubiquitination of signaling proteins, such as RIG-I, TBK1, and IRF-3.
doi:10.1371/journal.pone.0030802.g006
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Plasmid DNAs
DNA constructs containing wild type and catalytic mutants of

NL63 PLP2-TM SARS-CoV PLpro-TM and plasmids of IFN-b-

Luc, PRD(III-I)4-Luc, ISRE-Luc and HA-tagged Ub were previ-

ously described [14,17]. Flag-hIPS-1(MAVS), BOS-Myc-hIRF3,

Flag-hTBK1, Flag-hRIG-I were kindly provided by Dr. Himanshu

Kuma and Shizuo Akira (Immunology Frontier Research Center

Osaka University, Osaka, Japan). pcDNA3.1-HA-ERIS (designated

here as STING-HA) and pCMV14-Flag-ERIS (designated STING-

Flag) were kindly provided by Dr. Zhengfan Jiang (School of Life

Sciences, Peking University, Beijing, China).

Luciferase reporter gene assay
HEK293T cells were transfected with the indicated stimulator

plasmid DNA (STING-HA), reporter plasmid DNA [pRL-TK,

ISRE-Luc, IFN-b-Luc, or PRD(III-I)4-Luc] and either NL63

PLP2-TM or SARS-CoV PLpro-TM using either Lipofectamine

2000 or Mirus LT1 according to the manufacturer’s protocol and

incubated for 24 hours. Firefly luciferase and Renilla luciferase

activities were assayed using the Dual Luciferase Reporter Assay

Kit (Promega). Data were shown as mean relative luciferase (firefly

luciferase activity divided by Renilla luciferase activity) with

standard deviation from a representative experiment carried out in

triplicate. For statistical analysis, the data between Vector (300 ng)

and PLP (PLpro)-TM with various concentrations were subjected

to unpaired, two-tailed Student’s t test using the Microsoft SPSS

12.0 software, and P values of ,0.05 were considered to indicate

statistical significance.

Immunofluorescence assays
HEK293 or HEK293-ACE2 cells were plated on fibronectin

treated glass coverslips in 12-well plates. To evaluate localization of

STING and NL63 PLP2-TM, plasmid DNA expressing STING-

HA (225 ng per well) was transfected in the presence or absence of

300 ng of PLP2-TM using Mirus LT1 according to the manufac-

turer’s protocol. At 16 hours post transfection, cells were fixed with

3.7% formaldehyde for 10 min at room temperature. Cells were

then incubated with 1:200 dilution of rabbit anti-IRF-3 (Active

Motif), mouse anti-HA (Covance), and goat anti-V5 (Genscript) in

ADPS (PBS+0.1% Triton-6100+5% fetal calf serum) for 1 hour at

room temperature. Cells were washed three times with PBS and

incubated with 1:200 dilution of chicken anti-rabbit Alexa Fluor

(AF) 488, donkey anti-mouse AF568, and donkey anti-goat AF647

(Molecular Probes) in ADPS for 1 hour in the dark. Following the

incubation, cells were washed three times with PBS, mounted, and

imaged with the Zeiss LSM-510 confocal microscope.

To evaluate STING localization in NL63 infected cells,

HEK293-ACE2 cells were transfected with 100 ng of a plasmid

expressing human STING-V5 for 4 hours. Cells were subsequently

infected with 200 ml of HCoV-NL63 (16104 pfu/ml). At 24 hours

post infection, cells were fixed with 3.7% formaldehyde for

10 minutes at room temperature. Cells were then diluted with a

1:1000 dilution of rabbit anti-nsp3 [35] and 1:1000 dilution of

mouse anti-V5 for 1 hour at room temperature in ADPS. Cells were

washed three times with PBS and incubated with a 1:200 dilution of

goat anti-rabbit AF568 and chicken anti-mouse AF488, and 1:1000

dilution of DAPI for 30 minutes at room temperature in the dark.

The cells were then washed three times with PBS, mounted, and

imaged with the Zeiss LSM-510 confocal microscope.

Co-immunoprecipitation (Co-IP) analysis
HEK293T cells were seeded on 100-mm dishes at a density of

16106 cells/dish. 12 hours later, cells were transiently transfected

with a total of 10 mg of empty plasmid or indicated expression

plasmids using Lipofectamine 2000 (Invitrogen). At 28 hours after

transfection, cells were lysed in buffer containing 0.5% Triton-X-

100, 150 mM NaCl, 12.5 mM b-glycerolphosphate, 1.5 mM

MgCl2, 2 mM EGTA, 10 mM NaF, 1 mM Na3VO4, 2 mM

DTT plus protease inhibitor cocktail (Sigma). The cell extracts

were spun down at 50006 g for 10 minutes at 4uC. The protein

concentration of each lysate was determined using the BCA

Protein Assay (Bio-Rad) and the concentration was adjusted to

1 mg/ml, with 500 ml of lysate used for each IP. The lysates were

precleared by adding 20 ml protein A+G Agarose (Beyotime

Institute of Biotechnology, China) and 1 mg of normal IgG and

incubating for 2 hours at 4uC, followed by spinning down the

beads. The precleared supernatant was incubated with the

designated antibody [Anti-Flag (Sigma) or anti-HA (MBL)/anti-

Myc (MBL)] with rocking overnight at 4uC. The beads-antibody-

antigen complex was spun down and washed 3 times with 1 ml of

lysis buffer. The proteins were eluted from the beads in 30 ml of

26SDS-PAGE sample buffer subjected to boiling for 10 min. The

sample was separated by SDS-PAGE and transferred to PVDF

membrane for western blotting.

Assessing ubiquitination of signaling molecules in
cultured cells

The effect of HCoV-NL63 PLP2-TM on ubiquitinated proteins

in cultured cells was assessed as described previously [53,55].

Briefly, Flag-tagged RIG-I, TBK1, STING, IRF-3 were co-

transfected into HEK293T cells together with pcDNA3.1-HA-Ub,

plus wild type or catalytic mutant PLP2-TM DNA using

Lipofectamine 2000 according to the manufacturer’s instructions.

Empty vector pcDNA3.1/V5-HisB was used to standardize the

total amount of DNA used for transfection. 24 post-transfection,

cells were incubated with 25 mM MG132 for 4 hours, and then

lysed in 300 ml of RIPA buffer (50 mM Tris-HCl pH 7.4,

150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS) containing

protease inhibitor cocktail (1 mM, Roche) and 10 mM NEM, Non-

covalently bound proteins were dissociated by boiling in 1% SDS,

and samples diluted 1:10 in lysis buffer (50 mM Tris-HCl pH 7.4,

150 mM NaCl, 2 mM EDTA, 1% NP-40) containing protease

inhibitor cocktail and 10 mM NEM. The soluble lysates were then

immunoprecipitated with anti-Flag antibody followed by washing

with RIPA buffer for three times. Flag-tagged proteins were

resolved by SDS-PAGE and sequentially blotted with anti-HA and

anti-Flag antibodies. 150 ml of lysate was used for each

immunoprecipitation reaction. To confirm the PLP and the

catalytic mutant expression level, western blotting with anti-V5

antibody (Invitrogen) was used to detect wild type and catalytic

mutant PLP2-TM-V5 protein expression.

Detection of STING dimers
To assess STING dimers, HEK293T cells were transfected with

STING-HA or STING-Flag (0.5 mg per 100 mm dish) and lysates

subjected to immunoprecipitation and western blotting as

described [9] with the indicated antibodies. To detect STING

dimers induced by Sendai Virus (SeV) infection, HEK293T cells

were transfected with STING-Flag and then infected with SeV

(HAU = 100). 24 hours later, cells were lysed and immunoblotted

with anti-Flag antibodies. To assess STING dimers in transfected

and SARS-CoV- or Sendai Virus (SeV)- infected cells, HEK293-

ACE2 cells were seeded at 105 cells/well in twelve well plates.

24 hours later, cells were transfected with either 0.5 mg of

mSTING-HA expressing plasmid DNA or 0.5 mg pcDNA3.1V5-

HisB vector DNA (Invitrogen). Following six hours of incubation,

the cells were infected with either SARS-CoV Urbani (MOI = 0.1)
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or SeV (HAU = 100). 24 hours later, the cells were lysed in 300 ml

of lysis buffer containing 0.5% Triton-X-100, 150 mM NaCl,

12.5 mM b-glycerolphosphate, 1.5 mM MgCl2, 2 mM EGTA,

10 mM NaF, 1 mM Na3VO4, 2 mM DTT plus protease inhibitor

cocktail (Sigma). 150 ml of lysate was used for each immunopre-

cipitation reaction. After preclearing the lysate with protein G

magnetic beads (Millipore), 0.5 mg of rabbit anti-HA antibodies

(Invitrogen) was incubated with the lysate overnight at 4uC. 25 ml

protein G magnetic beads was added to the immunoprecipitation

reactions and incubated for 2 hours at 4uC. Protein G magnetic

beads were precipitated and washed 3 times with 1 ml lysis buffer.

80 ml of 26 sample buffer containing 10% glycerol, 5% -

mercaptoethanol, 3% SDS, 12.5% upper buffer (0.5 M Trizma

base and 0.4% SDS), and 0.01 mg bromophenol blue was added

to the beads, and protein-antibody complexes were eluted by

incubating at 37uC for 30 min. Samples were separated on SDS-

PAGE gel and transferred to a PVDF membrane. Blots were

incubated with mouse anti-HA antibody (Sigma) or anti-nsp3

antisera [17] at 0.5 mg/ml and 0.125 mg/ml concentrations,

respectively. After washing three times in TBS-T buffer, blots

were subsequently incubated with either goat-anti-mouse-HRP or

donkey-anti-rabbit-HRP (Southern Biotech). Antibody-antigen

reactions were detected using the Western Lighting Plus-ECL

chemiluminescence reagents from Perkin Elmer.

Supporting Information

Figure S1 (A) Schematic diagram of SARS-CoV illustrating the

processing of replicase polyproteins to generate nonstructural

proteins (nsp’s). The papain-like protease domains, the catalytic

residues, and the transmembrane (TM) domain within nsp3 are

indicated. (B) Western blot detection of STING-V5 and dose

response of PLP2-TM-V5 and PLpro-TM-V5.

(TIF)

Figure S2 SARS-CoV PLpro-TM associates with STING.

HEK293T cells were cotransfected with plasmid DNAs expressing

STING-Flag and either wild type or catalytic mutants of PLpro-

TM-V5. Cell lysates were prepared at 28 hrs post-transfection and

subjected to immunoprecipitation (IP) with anti-Flag antibody.

The products of the immunoprecipitation were separated by SDS-

PAGE and subjected to immunoblotting (IB). STING-Flag,

PLpro-TM-V5 and the catalytic mutant expression were selec-

tively detected from whole cell lysates (WCL) using anti-Flag and

anti-V5 antibodies.

(TIF)

Figure S3 SARS-CoV PLpro-TM interacts with STING and

disrupts STING dimers. HEK293T cells were co-transfected with

plasmid DNAs expressing STING-HA, and/or PLpro-TM and/or

GFP-V5 as indicated above. At 24 hrs post-transfection, cell

lysates were subjected to immunoprecipitation with the indicated

antibody and the products were separated by SDS-PAGE and

subjected to immunoblotting to detect STING monomer and

dimer (upper panel). Whole cell lysates (WCL) were immuno-

blotted to detected expression of STING-HA, PLpro-TM-V5, and

GFP-V5 (lower panel).

(TIF)
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Abstract

Genetic mapping studies may provide association between sequence variants and disease susceptibility that can, with
further experimental and computational analysis, lead to discovery of causal mechanisms and effective intervention. We
have previously demonstrated that polymorphisms in immunity-related GTPases (IRG) confer a significant difference in
susceptibility to Chlamydia psittaci infection in BXD recombinant mice. Here we combine genetic mapping and network
modeling to identify causal pathways underlying this association. We infected a large panel of BXD strains with C. psittaci
and assessed host genotype, IRG protein polymorphisms, pathogen load, expression of 32 cytokines, inflammatory cell
populations, and weight change. Proinflammatory cytokines correlated with each other and were controlled by a novel
genetic locus on chromosome 1, but did not affect disease status, as quantified by weight change 6 days after infection In
contrast, weight change correlated strongly with levels of inflammatory cell populations and pathogen load that were
controlled by an IRG encoding genetic locus (Ctrq3) on chromosome 11. These data provided content to generate a
predictive model of infection using a Bayesian framework incorporating genotypes, immune system parameters, and weight
change as a measure of disease severity. Two predictions derived from the model were tested and confirmed in a second
round of experiments. First, strains with the susceptible IRG haplotype lost weight as a function of pathogen load whereas
strains with the resistant haplotype were almost completely unaffected over a very wide range of pathogen load. Second,
we predicted that macrophage activation by Ctrq3 would be central in conferring pathogen tolerance. We demonstrated
that macrophage depletion in strains with the resistant haplotype led to neutrophil influx and greater weight loss despite a
lower pathogen burden. Our results show that genetic mapping and network modeling can be combined to identify causal
pathways underlying chlamydial disease susceptibility.
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Introduction

The genus Chlamydia comprises a number of species of highly

related obligate intracellular prokaryotic pathogens that cause

clinical disease in humans ranging from blinding trachoma [1] and

sexually transmitted infection by Chlamydia trachomatis [2], com-

munity acquired pneumonia by Chlamydia pneumoniae [3] and life-

threatening respiratory and systemic zoonosis by Chlamydia psittaci

[4]. In a previous study, we determined that a known QTL on

chromosome 11 (Ctrq3) [5,6] containing two polymorphic innate

immune genes (Irgm2 and Irgb10) in the family of immunity-related

GTPases (IRG) were responsible for the innate difference in

susceptibility to a systemic infection to C. psittaci among the BXD

recombinant inbred strains [7]. Each member of this mouse

reference strain set inherits a unique and approximately equal

fraction of their genomes from two fully inbred progenitors—

strain C57BL/6J (B6 or B) and DBA/2J (D2 or D). These two

parental strains differ at roughly 5 million sites across the genome.

The set of 80 BXD strains is being used for systematic multiscalar

genetic studies of host-pathogen interactions [8,9,10]. This large

set of genetically related strains can provide comparatively high

precision mapping, with a resolution of 1–2 Mb in several cases

[7,11]. Characterization of the disease susceptibility differences

between the B6 and D2 parental strains revealed significant

differences in C. psittaci load, inflammatory responses, and cytokine

profiles. While the IRGs have been shown to control Chlamydia

load [6,7,12], alternative immunomodulatory functions of these

genes have also been reported [13,14,15] making it unclear if

IRGs influence disease outcome by regulating pathogen load or by

influencing other immunomodulatory functions [16].

Recent advances in high-throughput genomic technologies and

computational methods allow us to formulate and test genetic

network models without explicit data on molecular function.

Translating large-scale genomic data into network models with

PLoS ONE | www.plosone.org 1 March 2012 | Volume 7 | Issue 3 | e33781175



predictive power is a challenging task. The most valid approach is

to systematically evaluate the possible hypothetical network

models against data and then select the most probable models

for experimental validation. The probability of a genetic network

model conditioned on the data can be calculated using Bayesian

network methods. A Bayesian network is a graphic probabilistic

model representing the dependence structure among multiple

interacting variables [17,18,19]. The probabilistic modelling

provides a natural treatment for the stochastic aspects of biological

processes and noisy measurements [20]. Bayesian networks can be

used to integrate prior knowledge and new data to capture and

express causal relationships [21,22,23].

We combined forward genetics and Bayesian network analysis

to model the biological pathway of how Ctrq3 or polymorphisms in

immunity-related GTPases (IRGs) confer susceptibility and

resistance to Chlamydia infection in strains of mice with different

genetic backgrounds. We then predicted how individual mice

would respond to different intervention and validated these

predictions. The model predicted that Ctrq3 confer protection

against disease through macrophage activation, which then

controls pathogen load and neutrophil influx. The factor with

the greatest impact on disease severity, as quantified by weight

change in strains infected with Chlamydia, was predicted to be

neutrophil influx rather than pathogen load. We validated these

predictions experimentally. Thus, our work provides an experi-

mentally validated model for an immune-regulatory function of

the IRG containing Ctrq3 locus in contributing to the control of

systemic C. psittaci infection.

Results

Immune responses and disease severity to Chlamydia
psittaci infection is controlled by two major genetic loci

We infected the C57BL/6J parental strain and 40 BXD strains

intraperitoneally, and measured peak C. psittaci load, levels of

macrophages and neutrophils in the peritoneal cavity, 32 cytokines

on days 3 and 6; and disease status as quantified by the weight

change from the day of infection. Strains exhibited a spectrum of

disease ranging from 30% weight loss to 10% weight gain over 6

days. Significant variation in cytokine protein expression was

detected for 17 of 32 cytokines (all results will be deposited and will

be accessible in GeneNetwork, www.genenetwork.org). We

confirmed that the previously mapped and cloned Ctrq3 locus on

chromosome 11 is a major controller of weight change,

macrophage activation status (MAS), level of neutrophil recruit-

ment, and C. psittaci load on day 6 (Figure 1). A novel secondary

locus was mapped to distal Chr 1 at ,190 Mb. This locus

modulates levels of several key cytokines—GM-CSF, IL1a,

MIP1a, MIP1b, MIP2—but has no effect on disease severity as

measured by weight changes (Figure 2). To further investigate the

influence of the genetic polymorphisms at Ctrq3, we analyzed the

expression pattern of the IRGM2 protein in the peritoneal lavage

specimens from infected BXD strains and found that it had two

distinct band sizes that are directly correlated with the Ctrq3

genotype [7].

Correlation network analysis reveals the immune
phenotypes associated with disease severity

We constructed a correlation network, including cytokines,

genotypes, immune parameters and disease phenotypes (Figure 3).

The network nodes clustered into two groups. The first group

correlated tightly with the Ctrq3 genotype, IRGM2 expression

pattern and several disease-related parameters, including weight

change, macrophage activation status (MAS), pathogen load, and

neutrophil recruitment. A single cytokine, G-CSF, had a high

correlation with weight change and neutrophil level, but was not

controlled by Ctrq3 (Figure 1E. no significant QTL). The second

group comprised the cytokines, many of which are highly

correlated with each other, and the genotype at rs13476293, a

marker located at ,190 Mb on Chr 1, but not directly with

disease-related parameters.

Bayesian network model identifies the central role of
macrophages in the disease pathway

We constructed a Bayesian network model to identify casual

pathways through which genotype at Ctrq3 influences disease

outcome after infection with C. psittaci (Figure 4). The Bayesian

network included variables that were highly correlated with weight

change and influenced by the genotype at Ctrq3: IRGM2

expression pattern, macrophage activation status, neutrophils,

and pathogen load. Because of the perfect correlation between the

Ctrq3 genotype and IRGM2 expression pattern, these variables

were combined into a single node. In the most likely model

structure, the genotype at Ctrq3 was the immediate parent of all of

the other variables in the model, signifying that each of these

variables is directly influenced by the genotype. However, the

model also suggests that Ctrq3 genotype was not sufficient in

explaining these variables, as there were additional conditional

dependencies in the model structure. Weight change, for example,

was directly influenced by neutrophil recruitment and macrophage

activation status (MAS) in addition to genotype at Ctrq3, indicating

that the levels of neutrophils and MAS influences weight change

independent of the Ctrq3 genotype. The model also suggested that

macrophage activation influences weight change via regulation of

neutrophil recruitment but not by pathogen load restriction.

Macrophage and neutrophil influx levels defines disease
severity

We used the Bayesian network model to investigate the effect of

depletion of macrophages on neutrophil influx, C. psittaci load, and

weight change (Figure 5 network C and D). To discretize the

predictions of the model, a threshold was determined by averaging

the mean value of strains with a B genotype and the mean value of

strains with a D genotype for the original data sample. Then, the

probability that the predicted value for each variable was greater

than (High) or less than (Low) this threshold was calculated from

the conditional Gaussian distributions learned from the network

for the original data and after macrophage depletion (Methods).

Nodes with a yellow background have been assigned the value to

represent data for only a given genotype and status of intervention

on MAS. The magnitude of these changes is expected to be much

more pronounced in strains with a B genotype at Ctrq3 than in

strains with a D genotype at this locus. (Figure 5 and Figure S2)

Strains with the D genotype at Ctrq3 typically have innately low

macrophage activation, and as a result the model predicts only

slight changes in the levels of neutrophils, pathogen load, and

weight after depleting macrophages.

We tested these predictions by performing chemical depletion of

macrophages with clodronate before infecting B6 and D2 strains

with C. psittaci. The experiments validated many of the model’s

predictions (Figure 6). In the D2 strain, depletion of macrophages

increased neutrophil influx, C. psittaci load, and induced a more

rapid decline in weight and mice were therefore euthanized on day

4 post infection. Pathogen load in the liver was greater in

macrophage depleted mice by nearly 2 logs (PBS control:

1.216105 IFU/gram, Clodronate treated; 9.376106 IFU/gram,

p = 0.03). As predicted, in the resistant B6 strain, depletion of
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macrophages increased neutrophils and exacerbated the weight

loss. These mice were moribund 5 days post-infection. Pathogen

load in the liver was similar in B6 irrespective of whether

macrophages were depleted or not (PBS control: 4.266106 IFU/

gram, Clodronate treated; 3.816106 IFU/gram, p = 0.06) but

their peritoneal pathogen load was decreased after depleting

macrophages, suggesting that pathogen load restriction may not be

entirely responsible for controlling disease severity.

Ctrq3 confers genetic resistance and tolerance to
Chlamydia

Several reports have documented that IRGs reduce pathogen

burden in vitro and in vivo, which is expected to influence disease

severity [6,7,12,24]. To investigate the possibility that the status of

the Ctrq3 genotype switches disease modality, we performed the

Bayesian analysis for strains with the B genotype at the Ctrq3 locus

separately from strains with the D genotype. The influence of load

on weight change was much stronger for strains with the

susceptible D genotype than strains with the resistant B genotype

(described further in Methods). Because of the genotype-specific

switching between pathogen load and weight change in the model,

we expanded this analysis to 197 BXD mice and correlated the

weight loss with pathogen load in individual mice according to the

genotype at the Ctrq3 locus (Figure 7). Overall, mice with the B

genotype had lower pathogen load compared to mice with a D

genotype, although a considerable overlap existed. The mice with

the B genotype were tolerant of increases in pathogen burden

whereas mice with D genotype lost more weight with increases in

pathogen burden as demonstrated by the differences in the slope of

the load to weight linear regression lines (p = 0.02).

Discussion

Individualized medicine requires the capability of predicting an

individual’s susceptibility to diseases and response to medical

treatments, based on genetic profile. Individual differences in

disease susceptibility and response to therapeutic interventions are

complex phenotypes modulated by genetic factors. We formulated

an approach using Bayesian networks to model the pathways

through which gene variants operate on phenotypes. Results of

our study demonstrate experimental validation of the combined

Figure 1. Association of the Ctrq3 locus with immune parameters and disease status. QTL mapping results for (A) day 6 weight, (B)
neutrophils, (C) macrophage activation status, (D) C. psittaci load, and (E) G-CSF on chromosome 11. Ctrq3 is located near 58 Mb on chr 11. Significant
(genome-wide adjusted p,0.05) and suggestive (adjusted p,0.63) QTLs are indicated by the solid red and grey lines, respectively. Blue lines indicate
the likelihood-ratio statistic (LRS) that the phenotype is associated with the genomic locus. The colored lines following the trend of the LRS show the
additive effect of the influence of the locus, with red lines indicating that D alleles increase trait values, while green alleles indicate that B alleles
increase trait values.
doi:10.1371/journal.pone.0033781.g001
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systems genetics and Bayesian network approaches to immune

pathway modeling and disease prediction. This approach provides

a way to develop models for designing genetic association studies

that can define causal pathways with the predictive power required

in individualized medicine.

We had previously demonstrated that Ctrq3 controls systemic C.

psittaci disease outcome and found an association with IRG

polymorphisms. While IRGs have cell autonomous functions of

pathogen restriction, the immunological pathway that links this

genotype to phenotype has not been defined. It has recently been

reported that infected hosts employ two different strategies to

defend themselves against pathogens—resistance and tolerance

[25,26,27]. Resistance is defined as the ability to limit pathogen

burden, whereas tolerance is defined as the ability to limit the

damage caused by a given pathogen burden [28,29]. While most

studies on genetic susceptibility to infectious diseases implicate

resistance as a mechanism of host protection, there are several

examples of genetic tolerance to infection in animal models

[29,30,31].

In this study, we predicted that Ctrq3 conferred resistance but

with relatively little impact on weight change. We also predicted

an expanded role for Ctrq3 that included macrophage activation

and weight change. Indeed mice with a B6 genotype at the Ctrq3

locus tended to have a lower pathogen load than mice with D2

genotype and thus were more resistant. However, there was

significant variability in the pathogen load within mice with the

same genotype suggesting the presence of other factors that affect

resistance. The mechanism of resistance by Ctrq3 is likely to be due

to the cell autonomous bactericidal functions of the B6 derived

Irgb10 and Irgm2 genes given results of our previous ex vivo siRNA

experiments [5,6,7]. On the other hand, we found that mice with a

B6 genotype at the Ctrq3 locus can maintain body weight over a

wide range of pathogen load and thus have tolerance to C. psittaci

infection. In contrast, mice with a D2 genotype lost weight as a

function of increased pathogen burden and were thus less tolerant.

The molecular basis of tolerance is still unclear.

An obvious limitation of our model is that we are assessing the

function of the 2 MB Ctrq3 locus. This locus encodes three IRGs

(Irgb10, Irgm2, and Irgm3), 18 other genes, as well as non-coding

regions with unknown functions. While IRGs remain a primary

candidate given its association with immunoregulatory functions

[13,14,15,16,32,33], it is possible that resistance and tolerance is

Figure 2. A QTL on chromosome 1 regulating cytokines. QTL mapping results for (A) GM-CSF, (B) IL-1a, (C) MIP-1a, (D) MIP-1b, and (E) MIP-2 on
chromosome 1. Significant (genome-wide adjusted p,0.05) and suggestive (adjusted p,0.63) QTLs are indicated by the solid red and grey lines,
respectively. Blue lines indicate the likelihood-ratio statistic (LRS) that the phenotype is associated with the genomic locus. The colored lines
following the trend of the LRS show the additive effect of the influence of the locus, with red lines indicating that D alleles increase trait values, while
green alleles indicate that B alleles increase trait values.
doi:10.1371/journal.pone.0033781.g002
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conveyed by one or more of the other genes in this interval.

Furthermore, the exact nature of the B6 and D2 Irgm2 alleles (e.g.

‘‘wildtype,’’ loss-of-function, hypomorph, constitutively active, etc)

is unclear and warrant additional biological validation.

While the mechanism of tolerance is unclear, our model

suggests that mice that do not recruit activated macrophages to the

site of infection have an increased number of recruited neutrophils

and more severe disease as evidenced by greater weight loss.

Specifically, Bayesian analysis predicted that mice with a D

genotype at the Ctrq3 locus would lose less weight if neutrophils

were depleted (day 6 to day 0 weight ratio: 0.83 for mice without

neutrophil depletion and 0.89 with neutrophils depleted) without

any change in pathogen load. This prediction was consistent with

our previous observations where Cxcr2 knockout mice that cannot

recruit neutrophils to the site of infection, survived challenge

without any detectible changes in pathogen load. In contrast, the

BALB/c wild type strain succumbed to infection with significant

neutrophil recruitment in a manner similar to the D2 strain [7].

We speculate that in our model, loss of tolerance leads to

uncontrolled inflammation and severe disease high-lighted by

neutrophil influx.

Interestingly, we found that macrophage depleted B6 mice have

a reduced number of C. psittaci in the infected peritoneal cavity;

whereas macrophage depleted D2 mice had a greater number. We

also found that after macrophage depletion, C. psittaci load in the

liver of D2 mice increased by 2 logs whereas loads were similar in

the liver of B6 mice. We speculate that in B6 mice, loss of a growth

niche led to a decrease in pathogen load, whereas the apparent

increase in pathogen load in the peritoneal cavity in D2 mice is

being supported by an increase in C. psittaci growth in the

surrounding tissues. While this indicates there may be a difference

in tissue/cell tropism between B6 and D2 mice, the underlying

mechanism is unknown at this point.

There are clear limitations of our model and approach. First, we

are limited by the variables we chose to screen, which did not

account for various other cell types, cytokines, physiological

parameters, etc. Second, we are limited by the dynamic process of

infectious diseases, which include the important variable of time,

where our longitudinal analyses were limited (,1 week) due to the

severity of disease in D2 mice. Third, we are limited by the nature

of the intervention we can employ. In our model, we found that

macrophage activation, which occurs gradually over the course of

infection, was an important variable that determines disease

outcome. In our validation experiment, we eliminated macro-

phages prior to infection in order to simulate the extreme end of

this variable, which may have led to activation of alternative

pathways or immune cells. Despite these limitations, our results

demonstrate a proof of principal model of how genetic mapping

and network modeling can be combined to identify causal

pathways underlying infectious disease susceptibility.

Figure 3. The correlation network of immune parameters during Chlamydia infection in BXD mice. Correlation network linking BXD
genotypes (Ctrq3 and rs13476293), C. psittaci load, inflammatory responses, cytokine profiles, IRGM2 protein expression pattern, and weight change
after C. psittaci infection in BXD strains. Positive (red) and negative (blue) correlations between variables with magnitudes of Pearson’s correlation
coefficient greater than 0.6 (dashed lines) and 0.7 (solid lines) are shown.
doi:10.1371/journal.pone.0033781.g003

Figure 4. Structure of Bayesian network (BN) model of C.
psittaci infection. The number next to each directed arc of the BN
indicates the confidence (posterior probability) in the arc after model
averaging as described in the Methods.
doi:10.1371/journal.pone.0033781.g004
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Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol (internal protocol number 1709R1) was approved by the

Animal Care and Use Committee of the University of Tennessee

Health Science Center (PHS assurance# - A-3325-01). No

surgical procedures were performed. All efforts were made to

minimize suffering.

Infection and sample collection
Chlamydia psittaci infection: C. psittaci 6BC was propagated in L

cells, titrated and stored at 280Cu. Intraperitoneal infection with

C. psittaci 6BC (104 IFU) was performed using the same stock

source to minimize variations across experiments. 8–16 week old

male mice (C57BL/6J, and 40 BXD strains) were infected in

groups of 2 mice/strain. Infected mice were monitored daily for

weight changes. On days 3 or 6-post infection, mice were

euthanized to obtain peritoneal lavage samples for pathogen load,

flow cytometry, and cytokine analysis. Additional mice, totaling

197 mice representing 56 BXD strains, were infected with C.

psittaci 6BC (104 IFU) and monitored for weight changes and

euthanized on day 6 for IFU analysis.

Assessment of immune phenotypes
Chlamydia psittaci load. Titration was performed by a cell

culture based IFU assay for day 6 samples as previously

described [7]. DNA was extracted from 1 ml of peritoneal

lavage fluid from day 3 and C. psittaci load was measured as a

ratio of C. psittaci ompA DNA/host GAPDH by quantitative

DNA PCR.

Flow cytometry. Standard methods were used as described

previously [7]. Briefly, murine peritoneal exudates were

blocked with Fc block and incubated with fluorochrome-

conjugated antibodies. The following antibodies were used:

Macrophage marker; F4/80-APC, Neutrophil marker; Ly6G

(clone IA8)-PE, and MHC class II marker; IA/IE-PE. Data was

expressed as percent of macrophages or neutrophils in the

entire population. MHC class II expression was used as a

marker for macrophage activation status and data was

expressed as percent of F4/80 positive cells that were also

positive for IA/IE.

Cytokine analysis. Peritoneal lavage supernatants were

analyzed using the Luminex based Mouse 32-plex kit to analyze

levels of 32 cytokines (CATALOG).

Western blot analysis. Peritoneal lavage specimens were

analyzed by Western blot analysis using standard methods with

GTPI antibody (M-14) Santa Cruz (sc-11088) and secondary

antibody using Goat true blot (eBioscience 18-8814-31).

Figure 5. Predictions of the BN as a function of genotype and macrophage intervention. (A and B) Discretized p of the BN as a function of
genotype at Ctrq3. BXD strains with the susceptible, D, genotype at the IRG locus tend to have lower MAS and weights and higher levels of
neutrophils and pathogen load. (C and D) Discretized p effect of interventional depletion of macrophages on the values of variables in the BN.
doi:10.1371/journal.pone.0033781.g005

Systems Genetics of Chlamydia Disease Severity

PLoS ONE | www.plosone.org 6 March 2012 | Volume 7 | Issue 3 | e33781180



Systems Genetics of Chlamydia Disease Severity

PLoS ONE | www.plosone.org 7 March 2012 | Volume 7 | Issue 3 | e33781181

A 

1.1 

1.05 

:E 
01 ·a; 
~ 
Q) 
> 
~ 0.95 
Qj 
ct: 

0.9 

0.85 
0 

8 

1.00E+08 

1.00E+07 
J!2 
:c 
a. e :; 
Q) 
c 

1.00E+06 

+ B6 clod ron ate treated ] 
-G B6 PBS treated 

* ** 

2 3 4 5 
days post infection 

• B6 clodronate trea~ 
D B6 PBS treated _j 

p=0.006 

1.00E+05 +----'----

c 

1.0E+07 

1.0E 

:::::l 
u... 1.0E 

1.0E+04· 

• D 

1 .0E+03+----~-----

·:iff:.i. 
·~· · 

:E 
01 
"Q) 
~ 

~ 

1.1 

1.05 

~ 0.95 
0:: 

0.9 

... 02 clodronate treated 

-G 02 PBS treated 

0.85 +-----.------....... -----
0 

1.00E+08 

1.00E+07 
J!2 
:c 
a. 
0 
L. :; 
Q) 
c 

1.00E+06 

2 3 4 
days post infection 

• 02 clodronate treated 

0 02 PBS treated 

1.00E+05 ._ __ ...L.-__ _ 

1.0E+07 

• 02 clodronate treated 

D 0 2 PBS treated 



Data analysis
QTL mapping. Quantitative trait locus (QTL) mapping was

performed for 17 cytokine profiles that exhibited variation across

strains; immune responses including levels of neutrophils,

macrophages, and macrophage activation status (MAS); and

weight change of BXD strain infection with C. psittaci with the

GeneNetwork (www.genenetwork.org). Single marker regression

was performed across the entire mouse chromosome at 3795

markers typed across BXD strains. A likelihood ratio statistic

(LRS) was calculated at each marker comparing the hypothesis

that the marker is associated with the phenotype with the null

hypothesis that there is no association between marker and

phenotype. Genome-wide significance was determined by

performing 1000 permutations. Two significant (genome-wide p-

value,0.05) QTLs were found: one QTL was located near 55 Mb

on chromosome 11 and was associated with weight change, MAS,

pathogen load, and neutrophil levels (Figure 1), while the other

significant QTL was located on chromosome 1 near 190 Mb and

was associated with several cytokines (Figure 2).

Bayesian network modeling. Structural learning of the

Bayesian network was performed using the R package deal (http://

cran.r-project.org/web/packages/deal/index.html). The network

was constructed from data for C57BL/6J and 40 BXD strains

using one discrete node, representing the Ctrq3 genotype and

IRGM2 protein expression pattern, and four continuous nodes

(neutrophils, C. psittaci load, macrophage activation status, and the

ratio of the weight of the mice 6 days after infection to the weight

before infection), which were modeled with conditional Gaussian

distributions. The Bayesian network score [34], which is basically

a version of the BDe scoring metric [35] extended to include

conditional Gaussian distributions, was calculated in deal for all,

except those that violated two restrictions. First, potential models in

which the genotype node was the child of any other nodes in the

network were not considered. This restriction does not require that

the genotype node be the parent of the other nodes, as model

structures in which continuous nodes were independent of genotype

were allowed. Second, the weight node could not be the parent of

any other node. The Bayesian score metric inherently handles the

problem of over fitting data to complex models [36]. However,

selecting a single best network model and ignoring all other models

may still lead to over-fitting the data. Model averaging can be used

to reduce this risk [37]. An indicator function f is defined as: if a

network G learned from data D has the feature (here a feature is a

directed edge representing a regulatory relationship), f (G)~1,

otherwise, f (G)~0. The posterior probability of a feature is

P(f (G)DD)~
X

G

f (G)P(GDD). This probability reflects our

confidence in the feature f . We calculated the posterior

probability of features by averaging over all possible models, with

the restrictions noted above. All features with a posterior probability

greater than 0.5 were included in the network.

The reproducibility of the structure learning method was

investigated with the use of simulated data. Briefly, the model

learned for the original network was used to generate simulated

data sets. Then, the structure learning method was repeated with

the simulated data sets and the network structures learned from

the simulated data sets were compared to the structure of the

original network. A high correspondence between the simulated

structures and the original structure indicates that the size of the

original data set was sufficient to learn the structure of the

network. To create the simulated data, parameter learning of the

network was performed with the maximum likelihood estimator

provided in the Bayes Net Toolbox [38], available for download

at: http://code.google.com/p/bnt/. Before the parameters of the

network were learned, the data for the four continuous nodes was

normalized to have a mean of 0 and standard deviation of 1.

1000 simulated data sets with 41 samples were then generated

with the sample_bnet function of the Bayes Net Toolbox. The

structure learning method used to learn the original network was

then used for each of the simulated data sets. The edges in the

original network were highly reproduced in the simulated data

(Figure S1).

Prediction of effects of macrophage depletion. We

predicted the effects of intervention using a hybrid Bayesian

network including both the discrete genotype node and continuous

nodes modeled with conditional Gaussian distributions with the

Bayes Net Toolbox. The parameters of the network were learned

with a maximum likelihood approach. Macrophage depletion is an

external intervention to the model. The intervention sets the value

of the MAS node and relieves it from the influence of its parent

node. Therefore, prediction was performed by removing the link

Ctrq3/IRGM2RMAS and setting macrophage activation status to

the minimum value observed in the data used for parameter

learning [action do (MAS = MIN), where MIN = 0,032 is the

minimum observed MAS value]. The probabilistic inference was

executed using the Bayes Net Toolbox. The effects of macrophage

depletion on the parameters of the conditional Gaussian

Figure 6. Impact of macrophage depletion on the course of C. psittaci infection in B6 and D2 strains. B6 and D2 mice received either
liposome clodronate or liposome PBS iv (day 21 post infection) and i.p. (day 21, 1, and 3 post infection) and infected with C. psittaci 104 IFU
intraperitoneally (N = 5/group). Mice were monitored daily for weight (A) and appearance. Data points where differences in weight met statistical
significance are indicated in asterix (* p = 0.003, ** p = 3.7610E-5, p = 0.04). Clodronate treated D2 strain became moribund on day 4 and B6 on day 5
post infection and were euthanized. Brackets and p values are provided to indicate differences in, number of neutrophils (B), and C. psittaci load (C)
between clodronate (black) and liposome (white) treated mice for both B6 and D2 strains. Data is representative of two experiments.
doi:10.1371/journal.pone.0033781.g006

Figure 7. Genetic resistance and tolerance to Chlamydia
infection in mice. Plot of weight change as a function of IFU for
197 BXD mice infected with C. psittaci. Mice with the susceptible D
genotype at the Ctrq3 (open symbols) lose weight as pathogen load
increases, while mice with the resistant B genotype at the Ctrq3 marker
(filled circles) do not. The slopes of the linear regression lines for the B
(solid line) and D (dashed line) data are significantly different (p = 0.02).
doi:10.1371/journal.pone.0033781.g007
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distributions for each node are compared in Table S1 and Figure

S2. Depletion of macrophages causes increases in the levels of

neutrophils and pathogen load and decreased weight. The

magnitude of these changes is larger for mice with the D

genotype at Ctrq3.
Bayesian network cross-validation. Leave-one-out cross

validation was also used to test the performance of the hybrid

Bayesian network. For each test strain, parameter learning of the

remaining 40 strains and inference was performed with the Bayes

Net Toolbox with the methods mentioned above. To evaluate the

quality of the continuous predictions, we used the Q2 parameter

[39], which is given by:

Q2~1{

X
(yi{ŷyi)

2X
(yi{�yy)2

where yi is the value of the ith sample, y^i is the predicted value of

the ith sample, and �yy is the sample mean. The values of Q2 for

MAS, neutrophil level, pathogen load, and weight were 0.51, 0.59,

0.45, and 0.68, respectively. Additionally, we discretized the

original data and the predictions from the leave-one-out-cross

validation for each strain and used this discretized data to test the

accuracy of the predictions. A threshold for each of the continuous

variables was determined by averaging the mean value of the

original data for all strains with the B genotype and the mean

value for all strains with the D genotype. Then, the continuous

variables for the original data and the predictions were classified as

being either High or Low through comparison with these

threshold values for each strain. The accuracy was then

determined by dividing the number of predictions that matched

the original data by the total number of strains. For MAS,

neutrophil level, pathogen load, and weight, the accuracy was

accuracy 85%, 93%, 80%, and 88%, respectively.

Strain dependent influence of pathogen load on weight change

after infection: To test if the arc from pathogen load to weight

ratio was genotype dependent, the data for mice with B and D

genotypes at the Ctrq3 locus were separated. As each data set only

contained data from strains with one genotype, the genotype node

was removed from the network, and the structure of the network,

using model averaging of an exhaustive search of possible

structures with deal, was learned for both the B and D data. For

strains with the D genotype, a directed edge from pathogen load to

weight ratio had a posterior probability of 0.64, while the same

edge for strains with the B genotype had a posterior probability of

only 0.16, indicating that weight change was dependent on C.

psittaci load only for strains with the susceptible D genotype. This

conclusion was confirmed by grouping the pathogen load and

weight ratio for a total of 197 mice into B and D groups using the

genotype at Ctrq3. Slopes of the linear regression lines of pathogen

load vs. weight ratio for each group were calculated and compared

using the analysis of covariance tool in Matlab 7.8 (R2009a). The

slopes of the lines were significantly different with a p-value of

0.02.

Validation experiments
B6 and D2 mice were each grouped into two groups (N = 5) that

received clodronate containing liposome or PBS containing

liposome injections on day 21, 1, 3, 5 (day 21: 200 uL iv,

200 uL i.p., day 1, 3, 5: 200 uL i.p.) [40]. All mice were infected

on day 0 with C. psittaci 6BC at 104 IFU i.p. and monitored daily

for weight changes. On day 6 post infection, mice were euthanized

and peritoneal lavage was obtained. The peritoneal lavage was

processed for pathogen load, cell population (number of

neutrophils and macrophages) and macrophage activation status

by flow cytometry as described before. The total number of cells in

the lavage was enumerated by cytometer and total numbers of

neutrophils were calculated.

Supporting Information

Figure S1 Reproducibility of network structures. The

number next to each edge is the fraction of times that the edge was

present in the structure of 1000 simulated data sets. The simulated

data sets were generated from the parameters of the original

network and contained 41 samples, the same number of samples as

in the original data set. The structure learning method used for the

simulated data sets was the same as that used for the original

network. No edges not present in the original network occurred in

more than 0.29 of the simulated data sets.

(TIF)

Figure S2 Effect of macrophage depletion on predic-
tions of continuous data by Bayesian network. Probability

density functions for Gaussian distributions describing the

predicted values of macrophage activation status (A), pathogen

load (B), neutrophils (C), and weight (D) in normal mice (solid

lines) and in mice with depleted macrophages after treatment with

clodronate (dashed lines). The effect of macrophage depletion has

a much larger effect on predictions for mice with the resistant B6

genotype (blue lines) than with the susceptible D2 genotype

(orange lines).

(TIF)

Table S1 Mean values of Bayesian network predictions
as a function of genotype and macrophage intervention.
(DOC)
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Abstract

Intranasal instillation is a widely used procedure for pneumonic delivery of drugs, vaccine candidates, or infectious agents
into the respiratory tract of research mice. However, there is a paucity of published literature describing the efficiency of this
delivery technique. In this report we have used the murine model of tularemia, with Francisella tularensis live vaccine strain
(FTLVS) infection, to evaluate the efficiency of pneumonic delivery via intranasal dosing performed either with differing
instillation volumes or different types of anesthesia. FTLVS was rendered luminescent via transformation with a reporter
plasmid that constitutively expressed the Photorhabdus luminescens lux operon from a Francisella promoter. We then used
an IVIS Spectrum whole animal imaging system to visualize FT dissemination at various time points following intranasal
instillation. We found that instillation of FT in a dose volume of 10 ml routinely resulted in infection of the upper airways but
failed to initiate infection of the pulmonary compartment. Efficient delivery of FT into the lungs via intranasal instillation
required a dose volume of 50 ml or more. These studies also demonstrated that intranasal instillation was significantly more
efficient for pneumonic delivery of FTLVS in mice that had been anesthetized with inhaled (isoflurane) vs. parenteral
(ketamine/xylazine) anesthesia. The collective results underscore the need for researchers to consider both the dose volume
and the anesthesia type when either performing pneumonic delivery via intranasal instillation, or when comparing studies
that employed this technique.
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Introduction

Intranasal instillation is currently the most widely used method

for delivery of drugs, vaccines, or pathogen challenges targeted for

either the upper respiratory tract (URT) or lungs of research mice.

Intubation is an alternative method [1,2,3,4,5,6,7] that allows for

very efficient delivery of materials into the lungs, but the

procedure is technically much more demanding and more time-

consuming than intranasal administration. In addition, intubation

includes a much higher risk of injury to the animal that could

compromise the study. Aerosol administration via a nebulizer-

based device [8,9,10,11] also offers very efficient delivery of

materials to the lungs with little risk of injury to the animal;

however, this method is technically demanding and requires

expensive equipment that is not widely available. Moreover, the

use of aerosol generators for studies involving dangerous

pathogens involves safety issues for research personnel that do

not exist when using the intranasal delivery method. In light of

these factors, it seems certain that intranasal administration will

continue to be the most popular method for pneumonic instillation

for the foreseeable future. Surprisingly, there is a paucity of

published literature describing the efficiency of intranasal

instillation of drugs, vaccines, or infectious agents. Therefore, an

analysis of the efficiency of pneumonic delivery via intranasal

instillation that would allow for standardization of the two most

critical variables associated with this technique, namely dose

volume and type of anesthesia, would be of great benefit to

researchers working with murine models.

Francisella tularensis (FT) is a gram-negative facultative intracel-

lular bacterium that causes a high morbidity/mortality zoonotic

disease known as tularemia. FT is one of the most virulent

bacterial pathogens in humans, as evidenced by its published LD50

of less then 10 CFU [12,13]. Because of its high infectivity and the

relative ease with which if can be disseminated via the aerosol

route, FT is considered to have high potential for use as a

biological weapon. The Francisellaceae family of bacteria has a single

genus, Francisella, which has been divided into two species:

Francisella philomiragia (a muskrat pathogen) and Francisella tularensis.

F. tularensis has been further subdivided into four subspecies:

tularensis (type A), holarctica (type B), novicida, and mediasiatica [14].

Of these, only subsp. tularensis and subsp. holarctica cause disease in

humans [15]. The live vaccine strain (LVS) of FT (FTLVS) is an
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attenuated F. holarctica strain that was developed as a vaccine

candidate in the former Soviet Union [16]. While FTLVS is highly

attenuated in humans, it remains virulent in mice and causes a

tularemic disease syndrome similar to that observed in humans [17].

Technological advances in small animal imaging have made it

possible to monitor in real-time the growth and dissemination of

fluorescent or bioluminescent bacteria in individual animals over

the entire course of infection, offering a powerful alternative to

traditional methodologies. Bioluminescence has proven to be

particularly useful for this application. We recently created a novel

bioluminescence reporter vector (pXB173-lux) that encodes the P.

luminescens lux operon downstream of the FT Pgro promoter. The

lux operon contains genes that are required for production of both

luciferase and luciferin, and transformation of FTLVS with this

vector causes the bacteria to constitutively produce light during in

vitro or in vivo growth [18]. In this report, we employed an IVIS

Spectrum whole-animal live imaging system, coupled with

bacterial load determinations, to evaluate in real-time the

efficiency of intranasal instillation for initiation of lower respiratory

tract (LRT) infections in mice. The results presented here provide

striking visual evidence that both the instillation volume and the

type of anesthesia used during instillation have a significant impact

on the efficiency of pulmonary delivery of FTLVS.

Results

To evaluate the efficiency of intranasal administration for

delivery of FT to the lungs, BALB/c mice (5/group) were

anesthetized with inhaled isoflurane and then challenged with

16106 CFU of FTLVS bearing a luminescent reporter vector

(pXB173-lux, Figure 1, see [18]) in a total volume (PBS) of either

10 ml, 20 ml, 50 ml, or 100 ml. Each mouse was subjected to live

whole animal luminescent imaging using an IVIS Spectrum

imaging system beginning 24 hours post-challenge (Figure 2A).

The imaging studies revealed a clear difference in luminescent

signal from the lungs that correlated with the dose volume used for

intranasal instillation. While very little luminescent signal was

observed emanating from the lungs of mice challenged using a

10 ml or 20 ml dose, the mice that were dosed using the larger

instillation volumes (50 ml or 100 ml) displayed significantly higher

levels of luminescent signal. These findings were confirmed by

sacrificing the mice immediately after imaging was completed to

determine the bacterial burdens in the lungs using standard

dilution plating techniques (Figure 2B).

To determine the impact of dose volume-dependent challenge

efficiencies on the course of experimental tularemic disease, we

performed a kinetic IVIS imaging analysis of BALB/c mice (3/

group) were anesthetized with inhaled isoflurane and then

challenged with 16106 FTLVS-lux using a range of instillation

volumes (10 ml, 20 ml, 50 ml, or 100 ml). Each mouse was subjected

to live whole-animal luminescent imaging at 24 hr intervals post

infection. These imaging studies revealed striking differences in

both the rate and tissue specificity of FT dissemination

(Figure 3A). At the 24-hour time point, the luminescence

emanating from the lungs of challenged mice confirmed that the

larger instillation volumes more efficiently delivered bacteria into

the lungs. By 48 hrs post-challenge, luminescent signatures were

detected in or around the upper airways of all of the animals. In

the mice that were challenged using a 10 ml volume, the

luminescent signature remained confined to the upper airways

over the entire timecourse, suggesting that the bacteria never

disseminated from the upper airways to the lungs, liver or spleen.

In contrast, the luminescent signatures observed in the lungs of

mice challenged using instillation volumes of 20 ml, 50 ml, and

100 ml increased in intensity over the timecourse. Moreover, the

infection appeared to disseminate from the lungs to the liver and

spleen in each of these experimental groups, and the rate of

dissemination increased with increasing instillation volume used to

administer intranasal challenge. Each mouse was also weighed

daily as an assessment of disease state. Weight retention results

confirmed that the dose volume used for intranasal instillation had

a significant impact on the course of tularemic disease (Figure 3B).

A significant difference (p,0.05) in weight retention between mice

that were dosed using a volume of 10 ml vs. 100 ml was observed as

early as 2 days post-infection, and by day 4 post-infection there

was a highly significant difference (p,0.001) between the 10 ml

volume group and each of the other experimental groups.

To examine the efficiency of intranasal dosing for pneumonic

delivery under differing forms of anesthesia, BALB/c mice (5/

group) that had been anesthetized with either parenteral

(ketamine/xylazine) or inhaled (isoflurane) anesthesia were

challenged with FTLVS-lux in an instillation volume of either

50 ml or 100 ml. IVIS imaging studies and lung bacterial burden

determinations were performed 24 hrs post-infection (Figure 4).

The intensity of luminescence emanating from the lungs of mice

challenged under inhaled anesthesia was more intense than

observed in mice anesthetized with parenterally-administered

ketamine/xylazine. The bacterial burden in the lungs was then

determined via dilution plating. Mice that were anesthetized using

inhaled isoflurane had significantly higher bacterial burdens in

their lungs than mice that had been anesthetized with parenteral

ketamine/xylazine (Figure 4), confirming the IVIS imaging

results.

Discussion

Intranasal instillation is the most widely used method for

delivery of drugs, vaccines, and/or infectious agents into the

respiratory tract of research mice. However, over the years there

have only been a handful of published studies designed to analyse

the efficiency of intranasal dosing. The primary variables that

should be considered when employing this technique are: i) type of

diluent used as vehicle for instillation, ii) physical positioning of the

Figure 1. Genetic Map of pXB173-lux. pXB173-lux constitutively
expresses the Photorhabdus luminescens luciferace (lux AB) and
luciferase substrate (luxCDE) from the Francisella groE promoter. This
vector also encodes a selectable marker for kanamycin resistance
(aph39).
doi:10.1371/journal.pone.0031359.g001

Pneumonic Delivery via Intranasal Instillation
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mouse during and after instillation, iii) instillation volume, and iv)

the type of anesthesia used during instillation. Two of these

variables, namely instillation vehicle and physical positioning of

the mouse, were not considered in this report. Previously

published findings revealed that aqueous diluents were preferable

for intranasal instillation [19], therefore, PBS was used as the

vehicle for all of the experiments described herein. Moreover,

there have been several published studies in which positioning of

the mouse during intranasal instillation was considered, and while

some of the findings indicated that supine positioning was best for

promoting delivery of inocula to the lungs [19], other findings

suggested that positioning of the mouse did not have a significant

impact on pneumonic delivery efficiency [20]. Therefore, for all of

the studies reported here, mice were held in a tilted supine position

with their heads elevated to between 60 and 75 degrees above

their feet during and after (for approximately 1 minute) instilla-

tion.

Dose volume is the best characterized variable associated with

intranasal instillation. Published studies have evaluated instillation

volumes between 2 ml [21] and 100 ml [22]. Several reports used

either dyes or radioactive tracers to investigate the relative

efficiencies of various instillation volumes. Visweswaraiah and

colleagues performed instillations with Evan’s blue dye to evaluate

the efficiency of lung delivery using instillation volumes between

5 ml and 50 ml [23] and found that lower instillation volumes

resulted in retention of the inoculum in the URT while delivery of

dye to the lungs was accomplished only with the larger bolus

volumes. A similar study using a radioactive tracer (99mTc-SC) also

concluded that instillation in a total volume of 5 ml resulted in

retention of the tracer in the URT with no detectable delivery to

the lungs [20]. This study also concluded that 35 ml was the

optimal instillation volume for delivery of tracer into the lungs.

Eyles and colleagues performed instillations of radiolabeled

microspheres in either 10 ml or 50 ml volumes and found that

the radioactive microspheres accumulated in the URT when

delivered in the lower volume while approximately 50% of the

microspheres were delivered to the lungs when administered in the

larger volume [24]. Because we could find no studies in which

efficiency of pneumonic delivery via intranasal instillation was

tested using a bacterial agent, we performed a series of intranasal

instillation studies using luminescent FTLVS. Our findings were

consistent with those employing dyes or radioactive tracers and

confirmed that instillation in small volumes (10 ml) resulted in

delivery of FTLVS only to the URT while instillation in larger

volumes (50–100 ml) resulted in delivery of luminescent bacteria to

the lungs.

The use of anesthesia and the type of anesthesia used during

intranasal instillation is another variable that could have a

significant impact on its efficiency for delivery of inocula to the

lungs. It has been previously shown that delivery of materials to

the lungs via this technique is significantly more effective when

instillation of mice is performed under anesthesia during the

Figure 2. Correlation between whole animal in vivo imaging with viable bacterial counts 24 hours after challenge. BALB/c mice (5/
group) were challenged with 16106 CFU of FTLVS bearing the pXB173-lux reporter plasmid via the intranasal route in a total bolus volume of either
10 ml, 20 ml, 50 ml, or 100 ml. Panel A: Dissemination of FTLVS was then monitored 24 hrs later using an IVIS Spectrum whole animal imaging system.
Images were collected at the indicated time points post-infection and were normalized to reflect photons per second per cm‘2/sr. (Panel B): Lungs
were collected after imaging was completed for bacterial burden determination via dilution plating. Statistical analyses were performed via one-way
ANOVA using a Bonferroni multiple comparisons posttest. Statistically significant differences are indicated as follows: p,0.05 (*) and p,0.01 (**).
doi:10.1371/journal.pone.0031359.g002
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procedure [19,20,23]. In fact, one of these studies showed that

when intranasal instillation is performed on unanesthetized mice,

much of the instilled material was delivered to the gastrointestinal

tract suggesting that alert mice tend to swallow a significant portion

of the inoculum [23]. In light of these findings, and likely because

intranasal instillation is technically much easier to perform on

anesthetized mice, the majority of researchers using this technique

routinely anesthetize mice prior to the procedure. Therefore, it is

surprising that there has only been one other published study that

examined the effects of different types of anesthesia (parenteral vs.

inhaled) on the efficiency of this procedure for delivery of materials

to the lower respiratory tract (LRT) [20].

Figure 3. Kinetic in vivo localization of luminescent FTLVS following intranasal dosing in titrated volumes of inocula. BALB/c mice (3/
group) were challenged via the intranasal route with 16106 CFU of FTLVS-lux suspended in a volume of 10 ml, 20 ml, 50 ml, or 100 ml of sterile PBS.
Panel A: All mice were then subjected to whole animal imaging using an IVIS Spectrum Imaging system at the indicated time points. Scaling
intensity of all images was normalized and data are reported as photons/sec/cm‘2/sr. Panel B: All mice were weighed daily as a measure of disease-
state. Statistical analysis was performed via 2-way ANOVA with Bonferroni post-tests. Significant differences between the 10 ml instillation volume
group and all other groups are indicated toward the top of the graph and are color-coded. Significant differences between the 100 ml instillation
volume group and either the 20 ml or 50 ml dose volume groups are indicated toward the bottom of the graph and are color-coded. The calculated p
values are indicated as follows: p,0.05 (*), p,0.01 (**), and p,0.001 (***).
doi:10.1371/journal.pone.0031359.g003

Pneumonic Delivery via Intranasal Instillation
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Because isoflurane and ketamine/xylazine are commonly used

for anesthesia in rodent-based research [25], we performed a

direct comparison of the efficiency of pneumonic delivery of

FTLVS-lux via intranasal instillation under these two types of

anesthesia. In light of our general observation that mice

anesthetized using parenteral-administered ketamine/xylazine

maintain a steadier breathing pattern than mice anesthetized for

relatively short periods using inhaled isoflurane, we hypothesized

that intranasal instillation would be more efficient for pulmonary

delivery of bacteria in mice that had been anesthetized with

ketamine/xylazine. To our surprise, delivery of bacteria to the

lungs was significantly more efficient when instillation was

Figure 4. Pulmonary delivery of FTLVS-lux was more efficient under inhaled vs. parenteral anesthesia. BALB/c mice (5/group) were
anesthetized using either inhaled isoflurane or parenterally-administered ketamine/xylazine and then challenged with either 16105 CFU FTLVS-lux in
a volume of 50 ml (Panel A) or 16106 CFU FTLVS-lux in a volume of 100 ml (Panel B). Dissemination of FTLVS was monitored 24 hrs later using an
IVIS Spectrum whole animal imaging system. Lungs were collected after imaging was completed for bacterial burden determination via dilution
plating. All IVIS images were normalized to reflect photons per second per cm‘2/sr. Statistical analyses were performed using the student t test.
doi:10.1371/journal.pone.0031359.g004
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performed under inhaled anesthesia. These results lead us to

speculate that the irregular Cheyne-Stokes type respiratory pattern

that is typically observed following removal of mice from an

induction chamber with inhaled anesthesia causes transient

hypoxia which results in deeper inhalation of larger volumes of

inoculum per breath, facilitating more efficient delivery of the

material to the LRT. In contrast, mice that receive injectable

anesthesia breathe in a more-regular and more-shallow pattern,

resulting in a more-even coating of the URT surface with the

inoculum. Because the inoculum is more distributed along the

mucosal surface of the URT and the breathing pattern of the mice

is more shallow and regular, the inoculum is not delivered as

efficiently to the LRT. Our findings are in contrast to those from

the other published study that performed a comparison of inhaled

vs. parenteral anesthesia and concluded that the efficiency of

pulmonary delivery of intranasally instilled materials was not

impacted by the type of anesthesia [20].

It is relatively well established [20,23,24,26,27] that intranasal

instillation for the purpose of URT delivery requires a low

administration volume (#10 ml). However, no consensus has been

reached with respect to dose volume for delivery to the LRT. A

random survey of very recently published papers in which intranasal

instillation was employed for delivery of infectious agents (bacterial

and fungal pathogens) to the lungs of mice revealed that researchers

used a wide range of dose volumes in combination with a variety of

anesthesia types as follows: i) 20 ml instillation volume under

pentobarbital [28] or ketamine/xylazine anesthesia

[29,30,31,32,33], ii) 25 ml instillation volume under either pento-

barbital [34] or ketamine/xylazine anesthesia [35], iii) 30 ml

instillation volume under ketamine/xylazine anesthesia [36], iv)

35 ml instillation volume under ketamine/xylazine anesthesia [37],

v) 40 ml instillation volume under isoflurane anesthesia [38], vi)

50 ml instillation volume under either ketamine/xylazine [39],

isoflurane [40,41,42,43,44], halothane [45,46], and vii) 100 ml

instillation volume under isoflurane anesthesia [47]. Moreover, a

number of recent papers either supplied information regarding the

dose volume used without indicating the type of anesthesia [48,49],

indicated the anesthesia used but failed to indicate the dose volume

[50,51], or supplied no information regarding either the dose

volume or anesthesia [52,53,54] used for intranasal instillation.

The findings presented here have clearly shown that the

efficiency of pneumonic delivery via intranasal instillation is

significantly impacted by the volume of the inoculum as well as by

the type of anesthesia used during the procedure. These findings

underscore the importance of considering both variables when

comparing the experimental results between studies that involved

intranasal instillation for the purpose of delivering infectious agents

or other materials to the lungs. Therefore, it is critical that a

complete description of the methods used to anesthetize and

inoculate mice via intranasal instillation be supplied in any study

that employs this technique. Further studies are needed to

determine whether ‘‘high-volume’’ intranasal instillation has any

deleterious effects on research mice. The reference book entitled

‘‘The Mouse in Biomedical Research’’ states that intranasal

instillation in volumes greater than 20 ml can result in suffocation

and death of research mice [55]. While our findings do not support

this conclusion, we have noted brief respiratory distress in mice

that have received intranasal instillation volumes $50 ml.

Therefore, studies designed to evaluate respiratory function

before, during, and after intranasal instillation with a range of

instillation volumes are warranted. We are also initiating studies

that will determine whether instillation in larger volumes alters the

microenvironment of the lung enough to alter pneumonic disease

progression.

Materials and Methods

Bacterial Strains and Growth Conditions
F. tularensis strain LVS (live vaccine strain) was obtained from

the Centers for Disease Control and Prevention (CDC, Atlanta,

GA). F. tularensis was cultured in modified Mueller Hinton broth

(MMH broth supplemented with 10 g/L tryptone, 0.1% glucose,

0.025% ferrous pyrophosphate, 0.1% L-cysteine, and 2.5% calf

serum) or on MMH agar (supplemented with 5% calf serum and

1% IsoVitalex). FTLVS was transformed with the luminescence

reporter plasmid (pXB173-lux) as described previously [18].

Kanamycin (km) was used at 10 mg/mL to maintain selection

for FTLVS bearing the lux-reporter plasmid. We received

authorization from the CDC, the Department of Health and

Human Services, and from the University of Tennessee Health

Science Center (UTHSC) Institutional Biosafety Committee for

the use of aph39 in FT.

Mice
Female BALB/c mice were purchased from either Jackson

Laboratories or Charles River Laboratories. Mice were age-

matched and used between 8 and 16 weeks of age. Mice were

housed in an AALAC accredited facility in microisolator cages

with food and water available ad libitum. All experimental protocols

were reviewed and approved by the UTHSC IACUC.

Anesthesia and Intranasal Instillation
Prior to instillation, mice were anesthetized using either inhaled

(isoflurane) or parenteral (ketamine/xylazine) anesthesia. Isoflur-

ane was delivered using a SurgiVetH Vaporstick small animal

anesthesia machine equipped with a Classic T3TM isoflurane

vaporizer (Smith Medical, Dublin, OH) and mice were exposed to

2.5% isoflurane delivered in O2 (2 L/min) within a 1 liter

induction chamber until a state of areflexia was reached.

Ketamine (KetaVed, VEDCO, St. Joseph, MO; 9 mg/10 g body

weight) and xylazine (AnaSed, Lloyd Laboratories, Shenandoah,

IA; 1 mg/g body weight) were administered intraperitoneally and

mice were challenged once a stable plane of anesthesia was

reached. Intranasal administration of each challenge dose was

performed by pipetting approximately half of the designated

volume of PBS (containing the indicated number of FTLVS) onto

the outer edge of each nare of the mice. Mice receiving isoflurane

anesthesia were removed from the induction chamber and

instillation was performed immediately; no supplemental anesthe-

sia or oxygen was administered following removal from the

induction chamber.

Whole-Animal Luminescent Imaging
The photon emissions from mice that had been infected with

FTLVS-lux were measured using an IVIS Spectrum whole live-

animal imaging system (Caliper Life Sciences, Hopkinton, MA).

Mice were anesthetized with isoflurane using a precision vaporizer

and oxygen before and during imaging. Images were collected

using medium binning with an F-stop of 1, and the maximum

exposure time was 5 minutes. The luminescent signals for all

images in any individual study were normalized and reported as

photons/second/cm‘2/sr.

Bacterial Burden Determination
Lungs of challenged mice were removed aseptically and

homogenized (using a closed tissue grinder system, Fisher

Scientific, Pittsburgh, PA) in one ml of sterile PBS, and the final

volume was adjusted to 1.25 ml with PBS. To disrupt cells

(releasing FT), 0.25 ml disruption buffer (2.5% saponin, 15%

Pneumonic Delivery via Intranasal Instillation
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BSA, in PBS) was added with light vortexing. Appropriate

dilutions of each sample were then plated in duplicate using an

Eddy Jet spiral plater (Neutec Group Inc., Farmingdale, NY) on

MMH agar plates and incubated at 37uC for 48–72 hours.

Colonies were counted using a Flash & Go automated colony

counter (Neutec Group Inc.).

Statistical Methodology
Statistical analyses of each figure were performed using

GraphPad Prism software (GraphPad Software, La Jolla, CA).

The specific statistical method used for each dataset is described in

the figure legends.
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been dcvdoped w swdy chl.tmych,ll v•rult·nct· 
and pathogenes1~ Thus. exchange of gt•ne~ 
i!, so1nerhmg chlamvd•ae neither do on the1r 
own nor c.m be coerced w do c:xpenmen[.JJly 
under 1dealized l.tbor.ttory condnwm. 

Finally. the chlamyd1.1e are anythmg btn 
opportun•sttc. Some of the t•arhest retarded 
accurate descnpt•ons of an int't·cnous d•~e;l\e 
are a hieroglyphic descripnon or remedies for 
trachoma from an ;mcient Egyptt.m text wm
ten somt· .'\,·WCI ye.ll'$ ago (~rem. 1875) and .1 
wrirren commem ahour eye d1sease from the 
Chang dynasty m Cl11ua from more than 3,000 

years Jgo (Taylor, 2008). Cltltllll}'dla contunH.'s 
ro bc J senous reproductive health problem 
for women globally despite qu.mmm-like im
provements 111 screenmg and treatment. In the 
United Stares. Chlt~~llydia tradwmm1s is the most 
6-equentlv reported bactenalmft>coom dtsease. 
period; .111d sunilar reportin~ fn:quencH!~ are 
seen everywhere around the world. Chla111ydw 
spp. contmue ro cause problems both in do
mesticated animals and in sylvauc populat1om 
(e.g .. koalas). 

Hov. •~ tt that Ch/amrdia, a hactenal ~enus 
that ha~ none of the features ,ISSOCIJted wtth 
textbook rrairs for success JS a pathogen. has 
been su~.-cessfully causmg disea:.e 111 eukaryotes 
for the past 700 null1on years or \o (Ho!U et al... 
200~? Ulwwusly thc cblamyd1ae havt: found 
ano:her wa). The rdationshtp~ that chlamvd
Jae have evolved With the1r eukaryooc host~. 
in tenm of both succc~\fulh inv.1din~ epithcl•al 
or mononuclear pll.lgocync ~.-elh and deallllg 
W1th rhc: tnnare and .Kymred unmune response 
generatcci m then presence. an· key element\ 
m underst.mding the succes~ that chlamyd1.te 
enJoy. We havt> rnadt: dram;ltlt stndes 111 the 
postgenonlJ( era m llnderstandtng what chl.l
rnydlac ~:an and cannot do biochemicall) Jnd 
metahoiJCJll) .. od ho1.\ the host rt·sponds to the 
presence of th~.:sc: p:trhoj:rem. I lnwever. J still 
unresolved que~non 1' whether the encoun
ter ol chlamydldt w1th the host 1nvolves whJt 

lu:. ~ omt· to be known .1s persistence. wluch 
has been dcfim·d ;ts a revcrs1ble 1merrupt1on 1n 

the product•ve imr,1cellular Lhl.tmyutJI !-,rrowrh 
cyck rh,1r is nlt'dlated h\ t•nnronment.ll fac
tors (Fig. I) It 1s the purpose of rh1~ ciJJptcr 
co dehne what we do ami do not know Jbout 
chlamydJal pt: rs1srcnce With the goJI ot deter-
111111111~ rhc extent of the role that pel'\isrence 
pl.1y~ in chlamyc.h&l d1sc.tse (if .It all) Jnd what 
we should bt· doing to better undeNand this 
chlamvdial attribute 

PE RSISTENCE AS A FUNCTION OF 
MIC ROBIAL PATHOGENESIS: WHAT 
DO OTHER MICROBIAL PATHOGENS 
DO, AND ARE THERE ANALOGIES 
FOR Cffi..AMYOlAE? 
Ont• of the problem.\ encountered 111 tht• study 
of chl.tmyd1at: 1s that often the bas1c b10logy of 
the pathogen. worked ouc in cell culwre sys
tems. 1!. then applied tO $peculate about acrual 
disease parhogem:m, Without knowing 1f there 
are 'rrong in v1vo correlates ro cell culrure 
observations. In contrast. there are a number 
of important nucrobial pathogens th,tt clearly 
h<IVC .1 persistem. dormant. or latent stage asso
Ciated with d1sease. These mfccuom mav serve 
a~ examples of well-characterized pemscence 
phenotypes Jssoc1ared w1rh d1sease For the 
pathogens descnbed below. pers1stenct' was 
ftrSt documented as a (eatun~ of the d1sease, 
and thi~ wa~ tollowed hy characreriz.nion of 
persistence mechJmsn1S, wh1ch 1s JUSt the op
posite of how the problem of pemsteuce has 
bec:n developed 111 the casl' of Chlcllnydul. 

Vivax Malaria 
M.tiJn.l ts argu,tbly the most sigmticanr 111-

fecuous disease on the plauct. Althou~h four 
spel.le~ of PlcJ.S11111dium cwst• mfecnom in peo
ple (P (alcipt~mm. P. VIJI•IX, P. mt7ltmllc. and 
fl. m•alr). two donunate: fJ {i1lciparulll .md J>. 
Pllld.\. f>. Jalcip<~rum, whJCh causes a tonn of 
m.1l.ma cal lt-d malignant tertian mai.JnJ. 1s 

co•mdercd a llt.IJOr killer dut· ro Its r:tpaciry 
w mod•fY the surface of infected erythrocytes 
su~h that they \tiCk to each other ,111d to the 
endocheltal celh hnmg ve\Sds Jnd upl11.1rie~. 
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FJGURF. I <.,, ht·lu.uic diJ~r.1111 nf tht· ,·hlamydl.tl tkwlnpm•·rH.II \ydt· Rl•d 
dJ'rOwi lllUK.llc Jlt.:rr:d mtr;u;dluiJr chbmydial devclopmc111 mcdldtcd by cnv1 
ronmemal (acton. (A) lmmunoftuore~cence tmage~ and schcmauc show mature 
r.. ''''""''"•IIH "'nn:~r B mdu~on, wuh <'kmt•ntary bodil·~ (f.B~) Ill ~rccn (Jnll 
( lmdl). r.·un11Jw ho<l1l" (IUh) 111 rnl (.11111 · 111.1JOr ottt•·r IIH'mhwll' protclll), .u11..l 
the mclthlUII mcmbr.uw 111 orange (;11111 rnd ;) (B) Pcl'\1\tl'llll' 111 vitro m rc~porN 
to I FN-y re~ults m enloargcd, abemm RBs that can be marntamed 111 thu state 
for exrr:ndt•d pt<nod, of wnt<, w11h \ub~equem rtvt'r<ron m normal rntracellul.n 
tkwlopml'IH dot Ill 112XN7H I 'l">'\X 17 \21) dtl2. ll 
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Th1' scquesrrarion of 1nfected erythrocyte' h:~~ 
numerou' consequences 1mpon.1m for bmh 
d1agtws1~ (e.g .• only nng stages an.· fi.1und m 
tht· Circulation) ami pathogenesis, a\ blockage 
of capillanes causes 1schem1c consequences. 
Tht: most serious capilbrv blockage comphc.t 
non 1s cerebral malaria. the pnnc1pal lllllllc 

diate cause of malana mortahcy m chlldren 
Uut vJvax malana also can havt· severe l on
\equences, often d1spropomonal to the level 
of paramem1a, wh1c.h 1s generall) less rhan for 
P. (alnpanwr due ro the P. l'rf!ax preference for 
young erythrocyteS p l!JVaX and f> OL'a{l' J}\O 

have the unusual capaCJcy to came a climcal 
rc:laps<. months to years after the initial 1llness 
has cleared, even though the ind1v1dual has 
ldi: the area of enderruc1rv and 1s not at mk 
of bcconung remfecred Although all plasmo
dJ,l are mtracellular pathogem of ervthrocyte~. 
thev must go through an obhbratory stage 111 
the liver before merozoite( are released into 
the Circulation . Th1s preerythrocync stage 1s a 
one-tJme-only portion of the mfecciom cycle 
for falciparum malana. but an added devel
opmental fonn IS produced by P. l'll'ax and 
f> tlva[e. called the hypnOZO!te, that rt:mams 
withm hepanc cells 111 a nongrowing dom1am 
scare Th1s torm of rhe parasne can reacnvat<.> 
co produce red blood cell-mvadmg merozo
ltes from weeks co months and even yt:ars af 
rer the mmal c1rculaung paramem1a ha~ been 
cleared or treated. Although the narure of the 
hypnozone remam~ mystenous, rcccm timl
in!P' (Wells ct al .. 2010; lmwong et al.. 2007; 
Chen et al .. 2007) demonstrat<.> that these 
"dom1am" fom1s are clonal and arc frequently 
gencoc vanant.\ of the ong.nal mfecring Stram . 
The exmcnce of hypnozo1tc' not only IS well 
founded 111 the chmcal literacun: bm also has 
pracucal ram1ficanom for malana management 
became addmonal therapeuncs are n:qu1red to 
erad1catc tht.· liver-bound hypnozoues. 

WHAT ABOUT CHLA.JVJYDIAE? 
V1vax mabna represem\ a clasSIC example of 
permtt•nce of a umque developmental tom1 
rh.n c:tn emerge ar a Iacer nmc and came di\
C.l\e An· there data ro suggest that '>Omt:rhmg 

\llllllar e.XI\ts for chlamyd1ae? It ts impon;mt 
to recogmzt.· that the f1rst cons1dcratJon \hould 
he whether or not clm1cJ.I conditions or ln

diCJliOII\ sugge~t the presence of a dom1.111t 
pershtcm fom1 smuiJr w the P. ''il'a>. hypno
zmte. For example. there are a smam:nng of 
n:pons desl.nbmg •nd1vJduals With reacnvatmn 
of ocul.lr d1sea!>t> ycarl' after the} have left rc
~IU!l\ of the world where rrachoma 1~ cndem1c 
(n:v1~·wed by Tavlor 12008]). One might prc:
dlct th:n 1f :1 dormant fom1 of C . trarlwmat11 

could re:tcnv:m: .md cause trachoma, rh1~ typl' 
of pre~<.: man on would be frcquentlv n:porrcd, 
but It 1s not. In sharp contrast. everyone who 1' 
mlccred wnh v1vax malana run~ the nsk of n.·

acuvated mfections. The hypnozo1te IS part of 
the J>. vu•ax developmental process w1thm the 
mammahan host: but there 1s httle eVldt:nce 
th.H therl' I\ an analogom dom1anr bm reacti
vatable stage of chlamydia! mfecnon. 

lnteremngly, there may be a developmen
tJI fom1 of Clrlamydia. at least for Cltlamydm 
psiuan, that resembles a hypnozo1te. Th1' 1~ 
the "crypuc" tom1 ongmally descnbed by 
Moulder m the late 1970s (Moulder et al.. 
I 980) m a mouse fibroblast cell cui cure model. 
wh1ch has been completely understudied 
smce CryptiC chlamydJae emerge after th~;· 
developmental cycle 1s complete and the host 
cdl populanon ex-penences "w1peout." That 
1s to say, v1nually all of the host ct:Us m tht
cell culmre populauon support a producnve 
mfection and are then destroved. releasmg m
fccnous elementary bodies (EBs). However, 
11' one saves the fiasb and adds fresh medJUm 
that I' allowed tO mcubate. a ne"' population 
oi host cells w11l emerge 111 about :2 weeks. 
lmere'\Wlgly. these cells are not capablt: ofbe
mg remfected by the same scram that y•elded 
the mmal w1peour. Th1~ might very well bl' 
became the ~urv1vmg hose cells are vananrs 
that no longer take up the invading stra1n; but 
the cunom lindmg that Moulder nonccd was 
that 1f the 1ncubatJon time IS extended for an
other 2 weeks or '0 Without the remfecnon 
~rep . the cell' l'vcmually bt:come mtccced \VJth 
chL•myd1ac .1~a1n and another w1peour soon 
follows . The conclus1on drawn from these 
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,wJtc~ w,t) th.tr the survtving IHl~l .:eUs h.u
bor .:rypnL .:hLunvJt.tt:. whu.:h wmace a new 
round of produuwe mte~.nou undc:r tavtJI'
.tble enviromuemal condiuom. The \t:arc:h lor 
1.1"}11t11. chl.unydt.te Junng rhc uun.u stages ot" 
lwsr t:L•Il regrowth proved tunic, .1nJ thcrt>fort• 
rhe t:l) pnc f(mu n( thl.' parhogl.'n w.ts propo~c:d 
by 111lcren~oe. fhc~e llltt:re,tmg ob~erv.molh 

h.tvc never been propt:rl) tollowcd up and .m• 
WOI thy Ot reeX.Itlllll.ltl011. 

An: rht:re ~orypw; chhmydtac thar l'lllL'rge 
Junng .t narural 111fecnon and .tlt 111 a mannct 
m111lar to that ot hypnozo1cc~? U11torrmurdy, 
tlw appropnarc tn v1vo tnve~ug.mon ha~ nor 
hct:n dum:. '\n unporranr lesson chat 1..;111 bt· 
dr.twn from these studies 1s rh.tr ir may be 
J.mgcrou~ to h.t,e .my cypc: of d1scasc prop
ciT) t:xdmlVdy ou 111 virro tindmgs. but uu
ft>rrun.trel~ thl\ ha' bc:c:n done Wllc and ruuc 
.tg.un tor Cfl/,tmydttl. The case nf crypnc <..hl.t
mydt.te may ~1111ply rcprcscm .t cell culture
b.tscd 1llech:um111 for SllfVIV,tl of' the p.1rhogeu. 
If Lrypac chlamydtJe cxM 111 n trure. rhcv 
nughr be umque ro C. p>tllufl .111d rdated \pc
ues (Mt>ulder never tound chc cqutvalcm 111 

C. ,,1(/111/lttllis mlt•ttions I Lee .md Moulder, 
19H II). Therefore, rt'activacton o(l)lrd mt~l

non\. ~enit;ll tllkL uom 111 ~hct•p. or inrcsnn.tl 
mfcu10m 111 swute nugln be ,1 ~ood merhod to 

look tor rhe\c .:mgm.ttic l;hlamydi.tl Jcvelop
lllelll.tl torrm wHh tmique properties. 

Toxoplasm osis 
I tiXtiJll,umc~ l!tl/11/11 I\ .111 obh~.trc turr.~~:dlul.u· 

pmwzoan par.t~trc that IS J<..'4lltrt:d by c:mn~ 
undcru)oked meat (matnl)- pork .md l.nnb, 
hm .tim beef} l ontaunng ·/~lXIIJiitWII•I cy\cs o1 

by lllJ4CSCing 1\l.l[llrC OO<..'yst~ ,1\\0CIJtCd WHh 

.:.It ti.-u:s. tl>linc~ bemg the ddmtnve host tor 
1'. go~~till (Momo~.t .md Ltt•scnteld. 20114). 
( .ongcnic.tl trJ mnHsston phKe' dw f~rus .It nsk 
lor \cnous dtsl';lst• .ts the par.tsttc c.Jll enter rht• 
fcr.tl etrculJnlm by mft-cnon of rhe pbcc.: nr.1 
when matcm.tl pmu.try dist:.l\l' ou:urs Junng 
gcstJtton. lnleLrwn .tlso c.m ou:ur ,1, .1 re~ult 

ot org:m rrampl.111t lrom .111 .t~ympcomara.:. 
\t·ropmmvt: donor to J -;eronc:g.tnvc recipt
l'llt l"h1s I~ lll'\.'.ltl\1..' I)IKC dw ,ltll[e Stagt• of 
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rhc: dhl'.IW h.t~ resolvl·d (often .tsympmm,ltlc 
111 ntlllHIIlO<..'OIIlpt:rclll indtnJuals). rlw llltec
tton ~oe' ulto a pe~t\Ct'llt pha~c ~oh.tr.tLI.:nzed 
by the presence of ~low-grmnug t(mlh, lOil
r.uned wtchut .m anrracelluLir ...-y~t-hke ,true
cure. These dcvelopuwntal torn" 1re ullcd 
bradvzotr~·s to dii>ungtmh rhetll trot11 chc t.tst
!-,rrowmg tJ• hyzoites th.tr o.. h.traL£• nzo.. .to..llle m
tt>cnons. flm l.ttent '>r pe~t~rcnt \[,ll!C of r. 
\!tllldll dt·vclupmenr 1~ 1 ~: nntal ..:omponem 111 
the p.uhogcne~ts .111d rransu11s~iou ot thts par.t
sttc. The stgtllliclnt:e ufthl· br,tJyzottc fmn1 of 
the p.trJslte bct-Jme .app.uo..·m when tr was rec-
0!-,'lliZed rl1.1c trJmmi~stun lrcqucncl~ o~ot:u~ via 
mge~non ut com.:u nin.trcJ mc:at (revtt·w~·J by 
Sullivan t•r .11. poOl)]), bur the dintul stgmti
cuKe ,,r ti\SUt' cysts w.ts nor recogmzeJ unnl 
tmmunmuppremon bt:c.tme more trequenr c~s 
a result of org.m rran,pl.ut .mon or L.llll.'l'r ther
apy. Then, \\hen :\IDS mer~d .1s ,1 lllJJOr 
11CW lrtllllliiiOSllppreSSIVe o..h~C.ISC, l"t';tl!IV,\CCd 
roxopla~mmis becan1c om· of the liHl ' tn:

quemly encountered opportuni~ric tllll nons 
m AlD'-, p.ltlenrs wirh low CD4 cdl ... ounrs 
r->ulltv.m t't .tl .. ~Uill); Wet'~ and Kun. 211110). 

WHAT A!JOUT CHLAMYDIAE? 
There ,tTL' 11\Jny .m.dogtes hcrween I ••.\'tlpltbllttl 
and Clt/,unydlll. as these two inrracc:llular p.trho
gens rcprc\eiH rcm.trk.tbk "XJmples ,,, t:on
vergl.'nr C\'l>lutton of WI) dttft>rellt ltte tomts. 
lii.\Ojl/•1.\111<1 .mJ C/tl.wtyditt horh inv;td,• .1 v.t i iCty 

ot hmr ~.ell typt:S, r.111~111~ from epu h,·Ji.tl cells 
to ntononu~..lcar phJ~tk\"tc~. They b.uh rc,tdc 
withm rhe contines of .a ~ycoplm111. vestdt' 
renneJ tht• p.tr.t\lCOphnr<Hh v,tl.uole 111 he L,t:.e 
of r.,xoJllttsllttt .llld the mduston 111 ch, .t,c of 
Cltltllll)'dttt. They both llllli,ICC ;\ \Cljll IICI.' or 
..:vcncs th.tt probably ~t.111:s tlunng rlw upr,tkc 
pnKCs' to prt.·vcm Jy,thnmc~ from ti.mng wirh 
che p.trltogen-conr:unm~ ..:ywpl.hntu.: 'ntde. 
thus ~~.·que~rcnng thl·tmclVt'\ front ho~1 ,....J l
'Peuti~. .lntlll\H.TObt.tl r:tl.lnrs. The\ l•nth <.I U~e 
exrt.•mtvc renwdeling of \'L'\Idc IIICIIthr.lltl'\ .111d 
nuoate repro~nunmg ,.,·em:. chac •her ho~c 
cdl physwloh'Y co the bendlt of the 1 lm~cn. 

Ctven thl' mmbnttt·~ nt' rhctr 11 • t(ellu-

l.tr ntdle,, tllliJY not be l•'o mrpn ·~ th.n 
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mtracelluLu gmwrh o( hoth of these pathop;t·n~ 
can be curtailed hy stm!ltr 1mmune mech.t
ru~ms. Both are ,ttTectetl b, mtr.Jce!Jul.u \t.tr
varion conditions 1mpo~cd h~ inducnon ol a 

tryptophan-decyclwng enzyme LDO (indole
amine ~ . ."\ dioxygenase), which is induced 111 

the presence ofrh~ lllllllUnt'-regulared cyrokmc 
f.,'<lmnu mrcrfcron (I FN 1J (Byrne ct a!., I 9!->6; 
Pfefferkom et .tl ., I1Jh(l) Tim n1.1y not he mm
pletely umque ro Cfllt~~llydw and '1 i1xopllls11111 
(for example, 'cc Peng and Monack, 201 0), 
yet it repre!.cllls <1 nmricnt scarvacion-b;tst·d 
mech.Jnism ro slow 11Hracellular growth with
out pathogen crad~<..atton . The idea chat dw 
induC[ion of 100 by the host cell, through 
the innate or acqutrt'd unmune response, and 
the reverstblc mhtbtuon of mtracellular growth 
contribute to the devdopment of Toxoplt~slllcl 
br.1dyzoites and tlevclopmenr of slow-growtng 
.1berranr chlamydia! forms lS a cornpclhng 
model for rhe devclopmenr of perstSCencc. 
Unfortunatel) tim model IS aho overly Simplis
tic. Bradvzone dcvelopmenr in Tv.wpla.smtl is 
by no meam fully understood bur is thought to 
be a sere~ respome regulated by a mulcilayered 
cascade of step~ that involves production of an 
wtracellular protecrive "cyst'' coar around rhe 
paramophorous vac.uole, a shutdown of gen 
er.ll protein symhem. and mtederencc Wl(h 

replication (Montoya and Liesenteld, 2004; 
Sullivan er al.. 2009; Wem and Kim. :woO). It 
i~ also known that the hkdihood of bradyzoitt' 
tom1auou ~~ to ~ome extenr stram_ -dependent. 
wtth slower-growm~. les~ vrrult!m 5traim be
ing more adept at shifting &om the tachyzo
itc to the bradvwttt> stage (~ot>te er al . 19()4: 
Howe and Sibley. llJtJS) . Depleoon of mrracel
lubr tryptophan vi.t [))0 may contnbmt• w rhts 
morphogcnes1s, but the reversible sh1ft between 
a rachyzotte and a brJdy:.:01re 1s thought ro hL• 
\tocha.~tiC, w1th unact unmumry benet able w 
comrol the t.tdwzmte stage. 

The det;tih ol cell culture model' of chl.t
mydial pcrmtencc havt' been rev1t'wed ex
remively (lor tc":>:ample). sec Bearry et .tl.. 
1YY4; Hogan et al. , 20(14, Wvrick. 2010; and 
Schoborg. 2011 ) . and correlauotL\ ro m vivo 
l.Ondmom have been developed (Hog.m er al .. 

20114). The overJII prores~ involve~ virtually 
lomplere abst:uce of mtrat dlular replicanon, 
the 3ppe.mmce of gre;~dy t•nlar~ed aberrant 
reticulate hody (fill) lonm, ami dramauc r~
programming of protem expression pattems. 
There .tre some dat,J to support .tltcred tran
sc nptional parrcrm (Mathews er a!.. 200 l: 
( .er,trd et al.. ~004; (,odlncr ct al., 2006; 
M.!Urer et al., 2007). d1swnnected tmnscnp
tion and translation (Oucllt•tte et al. , 2006), 
ami regulated gene expres\1011 v1a noncod
m~ Slllall RNAs dunn!-t cell culturc-mduced 
chlamydtal permtcucc: ( -\bdeiR<Jhman et al., 
2011 ). However. little. 1s known a hour suuc
tural ch.1nges co tht' indus1011 membrane, and 
there are no reports of clinical cumpltcarions 
m~muung from chlamydia! reactivauon in 
mununocomprormsed 111d1vtduak In facr. in 
most natural animal 1nfccuom in which per
Slstence has been dowmentcd. tht persistent 
St.1tl' ts associated wtth asymptomatiC mfec
tton (Pospischil et al .. 2001); Rembold et al., 
2010. 2011). A notable excepuon may be 
pers1sr~nce of chlamydiae Ill ewes subsequem 
ro infectious <~horrion, where the persmence 
of the pathogen IS thought co contribute co 
dmutmhed reproduwve c..tpaclty and gem
tal traer pathology (Papp and Shewen, l YIJ6, 
1lJlJ7). Thus, although srrcss mduced (through 
nutnent depnvanon, temperature sh1frs. or 
clm1gcs in host cell phys10logy ~ a result of 
immune-regulated cyrok111es). slow-growing 
developmental fonu~ of r,IXOplttsma and Ch/d
lll}'dirl share common tcatures. the bradyzoite
~:ontaming T,•xoplrulllll c. vst .md the aberrant 
RB-comaining mdtt\1011 an: clearly not 
eqmv.tlem. The T"x<•plll.'illlrl cyst ts the main 
re.t~on why Tt1X,1pltzsllltl miecttom are incur
abk Cvsrs surv1vc p.m.tgc through che stom
ach .• tre 1mpcrv10u~ to host 1mmmury aud 
drug rream1elllS, ;tnd allow the parasite to 
pcrsi~t bem~t:nly. Yet bradyzotles remam ul

ti:cttOU\ and are capable of reactivating and 
being eflicienrly transmmcd. In conrrast. aber
rant RBs observed m rht• cell culture model of 
chlamydia! persim:ncc h.lVt' not been shov.<n 
to rcacri\'Jte m rht> context of chlamydia! di~
e .tsc. If persistence were ,, m.~or fe.tture of 
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t hJ,unyJi.d ~1:11lt,IJ tf,\Cf dl\e,hC:, ,l!>\OtiJ(I011S 
between rt'.ILtl\'an:d mfet.:UOII\ .md lllllllllllt' 

~uppres\iou \h~>uld be ev•dc:m. flus " nm rhe 
l:'.l~c: 111 gc:ner.U .• drhuu~h rhtrt' " .1t lc:.l\f <Hit: 

repon: ,howm~ rh.1t HIV-mti.·Lrt:J 'c:x wotkel"i 
With deph:tc:d CD4 r T .:dis luvc: .1 lugher mk 
o( pdv1c lllH.tllliiiJ£01')' Jm:,l\t' tKllll.llll l'f .d .. 
l'I'JC.). It 111.1\' be rh.1t the mwr .• ~.nun b~ rwee11 
t•hl.nnydi.IC: .tnd thc1r host 1s uton: ,ubrll'. but 
Cu111pt'lhug .lrgunlC:llC\ tor 111 v1vo pef\lstence 
111 hum.1n chhmyd•.ll Jisc:Jsc~ have nm been 
n1.1de. lu .1ddmon. there rt'IIIJJns .1n uncx

pl.uned g.tp betWeC:ll Ill Vlll'O dl'S<.:riptiOliS Of 
pcmstcnct Jnd dmlt.ll diJ>t:<bC: 'yndro111cs. JnJ 
more Jet.uls 1re llt'c:Jed abour the: growth '\t<ltl' 

of persml'nr chl.unyJi.1e 111 VIVO .1nd m parho
lo~ic const•quences on the hmr. 

Syphilis 
f'rCJI<HICI/Itl jJtllfidU/11 IS .1 bum~lll-'pt:Cific liiKl'O

,It:rophJIIL splrothete rhat t..lmes syphll1s ~inn: 
rhe nuJ-JlJrh cemury. rh1s \t'xu.Jllv cran,nur
rcd infccnon has bct•n recogn1zed to progress 
through three disrulct st;lges. rcterrcd to .1'> pn
mary, secondary .• 111d terriJI)' syphths (r •v1ewed 
by Smgh .uul Rom.HwwskJ II 'N'Jl). Syphilis IS 

one of the best-des~nbed mfi.·cc:iom dl\e:a~e~. 
With .1 long htston ot .H:Jdenuc .md pr.Kuc.tl 
mtere~c. uH..IuJin~ ch~ Jnt:unoll\ sdt:.111tecnon 

'wdy t:arncd our by rhc.: wdl Jlltcnttoncd I ~th 
~.enrut)' l3ntl~h plw"uJn John Humcr, who 
'cr out to demomrr.ne rh.lt cht• "!,.'11\ .111d ~ymp
tonu. of \vhar tumt•d our co ht• .1 nuxt•d mtcc
nou by \. l[llllcmltoc,,(' .md I p,d/idtll/1 were 

uu,ed by \. 1!•1//tlrriH>f•l<' (Humcr. 1:11:-i). Th1' 
•·xpenment \t:ems w be .1 hnk hke tcswtg the 
IJws ot gr.1V1ry by Jlllnpmg oil .1 bridgt· w 1\

\t'" rht• l"ll~tt' nf .1t:c ckranon The tonlh.1rdy 
11.1ture of th~.· mve,ttp;.tnon w,1, m.tde worst• b\ 

the tJG th.Jt Dr. Hunra w,1s wrong Tht• ;!;OOd 
doctor 'utfered not only tro1n gonococt.ll 111-
lel.tHIII but 1l'o limn '~Tiuhs . . 111 unltll wn.ttt' 
'l'~llt: \lllle wph1JI\ \V,l\ .Ill 111\.llf.lbk dl\l'.IW 
WHh lJic: thre;ttelllllg lOnlpht',ICIOIIS .It th,lt 
t1111e (~nH~h .md ltunl.lllO\"w\kt. llJ')I) B.111ghn 
md \11ll\htr :!Ito:;; LJFond .mJ Luh·h.m. 
2tlll(l). Utht•r I Xth .n1d JIJch tcmlll) IIIVL'Sti~.l
tors L<>111plt·ced rht·n \mdies '' tthout tklu,IOIIs 
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of gr.mdeur. Phthppc: RKord " crt·dnt•d w1rh 
the tlf\t ,lt'Cllr,ltC ,ICLOlllll of pnm.tr\'. \l.'LOIH.I

,Hy, .md tertl.ll) ,yphilis 111 I h.r .. 1 rune rh.1t 
preJJtcd popui.Hil.ltiOn ut' the ,;enn thtnrv nl 
·h~c:;I\L' h> .. uch lummJm.'' .1s RolK•rt Kot h. 
LtHm P.1stl'ur. ,md Rudolf Vm:how (n· ' lt•wed 
b, U.lllt!;hll ~ml Mu-.IH:r j::!llll'lj). 

S} ph ills IS .1 multbt.t~e d1scJ~c . 1 hL pro 
grt•sswn llf 'yphd1\, from the prull.ll)' les1011 
through the tertt.ll)' \tagt•s ot' d1seJ't'. 1s .m ex
tremely wciJ-,nHhed ex.1mple of the nJtural 
hl,tlll'\1 ut' 1 chrm11c 111ti:cnon. Tht pnnury 
ksiou .lppt";;f\ w1thu1 2 01 ~ wceb ol sc:xual 
·xposuro· t"O .111 lltfeueJ mdl\1du.11 It IIHtt.tlh 

appe.lf\ .1s .1 red. painles' p.1pule rh.1t pro~:ress~ 
to a11 ukaanve ch.mcre, wlnt:h IS lo.1ded With 
treponctllt:s .mJ olten has .ln exudate .111J .111 
mdur.m·d marg1n . The prml.lry lc:sHlll Ot.
cllf) nwsr tre4uendy in the ge1ntal. penaual, 
an.U. or oral are.1 .1~ ,, rctiecuon of recent sex 

u.tl actiVIt\". ,\r tht' eJrly \t.1ge of dtt u!lct. 
non tht• orgJmsms have tlre.~tiy dts\CIIllnaretl 
rhroughour the body v1.1 the lymph.mcs .md 
the! blt1odo;cream .dthou~h tr j, nor yt•r dmt
~..llh •pp.trenr. l..11tle" pre~t·m 111 .lll obv1ously 
V1s1bk loc.•rion, prn11<~l)' ll'smns otien go un
nonced .1110 w11l sponr.meou,Jy he.d wtthin .1 
lllOIHh or two Without tr~·anllent. 

Despite the dts.lppear.mce ot the: pnnury k 
'lon. tht• 1ntl:cr1on IIIJY nm h:we bc:l'll .. leared, 
.mJ 25'Y., tlf p.1nem' \Vith untn.•Jted pnmary 
wph1lis will dt·vdop '~cnml.1n· syphtll\. The 
Jt·,wn~ Ill second.1ry syphJI1, result front hem.l

ro~euou' tb~t·mut.ltlon ol 1repone111e' from 
tht: pnm.1rv L h.llll're. Ce1wrally. ~t·~·ond.ll)' 

k~1om .tppe.u· 2 ltl J lllt>nths .titer dw min.1l 
.tppe.lr.lllll' of tht• p1inury Jt•,lllll .md 111aniti:st 

·" J v.mcry ot sk111 ra~hcs colll.IIIUng tr.IIISIIII\
'Iblc: lfl'Jlllll~llll.'\ . J'he ~Cnt·r.J! \elJllUI~t· I.S ltll 
,J lll.lllJI.\1 f.lsh ~() l'lllpt IIllO J>•lJHll.tt Jt•SJOIIS 
')econd.ll> wph11i\ 1' b.hlt dlv .1 'Y'£L'IItll' Jl\ 

.Jst ch.n .1l,o uH:Iude!< .1 v.~ncry ,,f ll<lll'peuti~ 
colllpl.utlt\ rh.tt .ltllllltp.my rhe dt'llli.I£Oio~ll' 

nunilc:st.tnom. Although rlw prt'\t'llte nt' 

rrepom:111c' m 'eL<liiOJI'} k'to11s I' ple11nful. 
·" demotl\tr.lted h\ dJrk- til'ld nut r<hlopy 111 
llllclt:ll .1cid dt•tt't non IIIL'thmk rlw lc\lnm 
'J'Oll[.lllt'ously n•,olve Wltlllll I or 2 IIIOIIth~ 
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The next stage 10 the progn·~Jon of dJ~
ca~t· 1s lart.:ncy, characrenzcd by coJmnuous 
serore.1ctiv1ty in the Jbscnce of svmpro111~. 
Someumc~ reJctivanou of se~.ond.JI) sypiH
lis cau occur dunug rh1s rune. usually wirhm 
1 ye.ar of the mmal ~t'condary t>p1sode lfbtency 
contmues for more th.w ;1 year, rhis IS referred 
tO .1\ l.ue latent ~yph1lts lndiv~tluab who have 
late latcm syphilis .m~ relr.ICtOI) w rclllteccwn. 
Howc·vcr, l(>llowmg successful rreanm:nt, Jl.l
dems are Sli\Ceptihk ro remfecrion. 

Teruary syph.i!ts. although mainly of historic 
nnponance, represents .111 excelk•m cx.unpk of 
how p rogn:SSIVC mfi.muli:Jt.ion may mamfesr 
dccades after the 1ninal mfectton As early ,a~ 
~ year~ after pnm.lry infection, wanulomatous 
nodubr les1ons may develop in d1e skm. bom. 
or other tissue. These:.- are referred to as gum
nlJs I. pallirlum can be JJentJhed in thesc le
SJOU:., and the lesJom resolve when annbJOucs 
are ;ldnumstered (LaFond and LukehJrt, 2006). 
Card10vasc ular and late neurolog~.c comphca
nom can develop 20 to 30 years aft~r expo
sure Histoncall'). cardJOvascular syphihs was 
resp01wble for the maJOnty of death~ due to 
rhis mfecoon Late neurologl( compltcaaons 
lead to personalit) dJSorder {e ~-. deltmons of 
~JJH.leur-get it 110\.v!), ll11p.ured movemem 
(gener-.1! pan.:m), and mmcle weakness result
mg from nerve danuge (tabe\ Jorsahs). The 
presence of the pathogen ha) onh• rarely been 
1dennfied 111 rerttary syphilis, but PCR meth
od~ have been med to dernomrrate the pres
ence of thl' orgamsrn in cardiovascular disease 
(O'Rcgan et al.. 2002) . 

T . pallirlum may be one of onl> .1 very 
iew bacterial pathogem rhar 1s more difficult 
lO work with than Cll/,mrydic~ We are more 
than I 00 yean. removed from the IJ11(tal spe
ctflc 1denufication of T . pt~lllllllm as an un
portam human p.Hhogen. and ll srtll has nor 
been rounnely culti\·atl'U exet:pr by Jnocul.t
oon Into experimental .uumab (revtt•wed by 
LaFond JJH.l Lukeh.trt (2006)). The organism 
is \Jrtuall) unpomble w keep ahve m Vltro 
However. 111 an Ill vivo mfecnon, it rap1dl; 
disscmmatc~ from the:.- skill v1a lymphauc and 
bloodstream IIIVJ~ion. W1thin .111 inketed 111-

vuiidu.1l. 1t rl'plicare~ md \urvlvc:.-s tor lengthy 
pcriotl\ of time, 1111t1011:ing .111 inflammatory Ch

~.ade that 111.1\ h,1vc dire t'onsequence' tor the 
host Ul the ah~enct· of any well-l·st.lbltshcd tra
dnional viwlcncc £.1cror) It i~ .1lmost emirch 
unclear hO\\ rh1~ p.1thogcn h.t, been so sut
ccssful 111 rh1.· hunt.lll host, althou~h it i~ likely 
rh.1c .1 ~mall propomon of mfecung pathogens 
n.:sJ.St Jn.1crophage mgesuon and kilhn~. It 1~ 
thts ~ubpopulauou that surv1ves suhscquem to 
'c~.:ondal)' stage~ ot J1~ease. maun.uns rrepone 
mal lacenC), <lnd ulwnatel) conrnhutcs to rhc 
Jcvelopmem of tertt.try ~yphihs. There are 1n
d1catiom that .1 farm I) of treponema! outer en
vdope protems (Tpn.) nuy undergo .1nngemc 
variat)()n v1a gene conversron m~.·chamsuJs and 
that expresswn of d1tTerent T pr \ anants are U1J

porram Ill change~ the pathogen undergoes 111 
~urvn, mg through to latency and rental)' stages 
ot d1~c.tse (L1Fond ~111d Lukehart, 2006). 

WHAT ABOUT CHLAMYDIAE? 
Syphi!ts is the ulrunace example of a Lhronil 
... hmcal syndrome (pnmary, secondJf}. Ia rene}, 
.111J tcntary pha~es) chat was well describcd he
tore •lnyching was known .1bout the propemes 
of rht• pathogen that m1ght comnbucc to the 
lhseasc process. Even cod.tv, ven little mecba
lllStllJII) lS known Jbout how 1 pallrdwu or
chestrates progression trom a pnmary chancre 
to tertl,tl)' d1sease Perhap\ the stages of rra
chom<~ come closest ro lllltn lckJu~ the d tstinct 
stages of syphih~. bm for tr.achom.t. rht• path<' 
logic ch.mges that .tecompany dJ\l'ase progres
\IOn are ven different tr()m cho.,c:.- s~:en wtth 
'yphihs. Tht presence of the p.)(hogen ts re
quired for each sragl' of syphilis for tra~. homa, 
H 1s dear that follicular sl'.lrrin~. a proces:. that 
occur~ rcl.ltJVely early lll the pathogencsts t)f 

J1sca)e, )Cts the st.tge tor cyehd Jetonmnes 
trichJ.I\1). and corne.tl abrJ)IOil . L3lmdmg trJ
chom.l 1s a dm~ct funcoou of me~..hamc.al mal
functiom of the eyehd and eyelashes that nuy 
be exAcerbated by evenrs unrel.ttt:d to chb
mydJalmfection per 'e bur .1re r.tther .1 funcuon 
of other intections or even lrrit.lllt~ like sJud or 
,.;nr. C .t•rcamh there ~~ nothmg described Ill the 
parbop;eues1' of rrac.hom.1 that would 'uggest 
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~trh~·r Jt"l.'l11111,l(IOII ,,r lun~-r~o•nn p~r~t,rcnt:c 

of rhc p.1tho~cn. Tt.t~.:hum.l 1\ he~t rhou~hr ut 
.1~ ,Ill .lt:li[C: COIIJUlll£1\'J) lltti..uion ot' tht VCI) 

young, wh~o·n· rc:pc.ltcd t•xpo,ure~ k•,1d ro tol 

h~oul.tr ~c.:.tmn~ re~ulrm~ 111 lilt ch.tiiiL.ll ,ki()r

IIIICies th.lt <.. llh lllll,ltt' Ill ,lbl-.1~1011\ Ol tilt' t<HIW.I 

anJ IIIJ\ k•.1d t•> bhndne''· If nt ui.Jr L lrrtcltcl-
1111111~ lllk<.tiOll Jtk'\ pers1sr, It 1~ r.lrt•. bl."l' .lli\C 

(l(crall~ unlhoth ,,f .-xpmcd 1udiv1dll.1h le.l\'l' 

n:g1ons ot c:nd<.:'lllltlt) t{w u~tc:hotiiJ. y.-r rqmrr~ 
ol pmttl\ ~ culwn·s 111 imlivH.Iu.lb h.1vtn~ lived 

tor ve.1rs .1ftcrw.1rJs 111 regiom ut' uoncm.lt•mu.

tt)' .tre lew; ,tllti even 111 the~t· C.bt's alwrranr 
tonm (per~mrc:ttcc:} h.1vc not bt·~:u ldcnoltt•J. 

lr is known rh.1r some \HllllCll wlw rt'

covcr from ~.hl.unvJt.tl ~t'IHr.ll rr.1<.t mtctnnth 

111.\Y harbor th~ org.uusm tix nton~ than .1 yc.u 
(Nk Conn.Kk t'' .t! . l'r'll On I md R.tJ~,\ .1y. 
liJ~Qh). Howc:-vcr. 111 rlw~e c.1se~ 1r IS .tlw;tys 

dittic:ulr tu ~ort 1HI£ r.-mlctnou ITont perst\tcllt 

mtc<.nou,: .llld .. 1~ ot y~r. lherc 1s no de.tr ~hl.l

my.hal pt'r)tsr~.·n~.:e phenotype rlur t\ .h~llct.m~d 

wtrb .:hmnicJily mtl-cred wotlll'll. In .1ddirtou. 
tnlhke )) phth~ .1 dtstlllC:t dlm~.:.JI ~yndronte rh.1t 

rt.'lllln·cs long··tt•nn permreuc:t• fi:oul .1 pnm.IJ)' 

mti.·~.rion tor ,hl.uHydt.tl ~c:mr,tl rr.1n mti.·crion 

ha' not b~.·en de~cnbc:J. 
lnt~CtlllllS ~.llhnl by Cltlrllll)'dill pm'llll/lllllclc' 

m.l\i h.tvc Jis~l'lllill.lttng ·hrotuc: malnli.·sr.tnon' 

(W.mon ,llld .\lp. 2llllH). 1nd dle\c LondlttOth 

(~o· ~ .. he.trt dt\l".I~C: .md ttopll hrluu.l) 1111pi1-
t".llt' thl· prew1H.:e of pl'f\IStlllg ti.1rms ul the.:· 

p.ahogeu. c'p cJJll~ 111 ~.·It her IIJ.tt roph.1~c:~. 
c:ndorhl'11al C:l'lb. or \ltlc>orh lllll\de Ldb 111 

JthermdaoUl pla4t1t' lll th, ~oroll.ll)' .lrtcr
tl'\ (W;I{SOII .llld Alp. ~OOH: M.tll\)ill'Y .llld 

{ l.IOlllbl '· 21~11). L. JIIII'/1/1/CI/Ihll h.t\ hl'l'll 

tdentttil'd .. tlthough rardv ntlttv,ltcd. 111 .Hh

cront;l\ (W lt~llll .tnd 1\lp. 21111K: M.1hom·y .md 
( uumlws. 20111 ) •. dthou!-\h thc,l.' tim! in!-"' h.l\'t' 

h t'll dhpmed (Rt·g.Jn <.t .d .. 20112: lcvcn .md 
Hovm.ttl\. 2tlll'i). II' rhl''~' nrgam~nl' <:.111\.tlly 

umrnhme to heart dt\l',l\l'. tltc.:·n tlw nn<.:ro
bioh>~y of tlll' di\t'.I~C 11111\( bc WI'}' JtfJi.:rcnt 

from rh.tr of c:hroutt 'YPhtJi, \tnn• 'et:ond.tl)' 

.md tcrtt.1ry ,t,,~es \)r '>Phlli, rc)ponJ m .tn

tlbtorlc:~. whtk, ,1r lc.:.tst ti,r trl'otlllll'llt ot lw.1rt 
di\l'.l~l' p.ltJC:li[S, .llltihllltlCS tll"t_.lrtVl' 1".1111\( 
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dti..Jul\'dtJc lo nor p•c..·vc:m wumd.tl)' ev~:m~ 
(c..nll.trl·d b, So11" er .tl (21HlHJ) 1\ rok for C. 
JlllfiWicll/lrll 111 <>ther c..hrollll Jl\t'.l'l'\, \tu.:h .1~ 

non.1ropu: ,1\rhm.t or llcllr"logtc.. Ji,c,I~C~. h.1~ 

not bl ·n ~rudtcd 1n .1 pro~pl, rt\'l' m.llliWr .1nd 

n·m.ltll\ h1!-(hly 'pe.:ul.lrt\'t' .1[ rhl\ rime.· borh 111 

tt•nn' ot .1 ttllt' mle l.(>r l hl.u11 di.tl' and ti.n the: 

preselll'l' ot' pcr\tsrcm c:hlJtll} due.:• 

t )ll rhc: otht•J h.111d. vetemt,lry Lhl.unydi.tl 

lllllot"tiOIIS. 1111.JUd1n~ ( .Ill lllte !lUll\ ul ~WIIIl.'. 
C. Jl~lffriC/ lllli:ltwm ot btrds, or C/lf,llll)'tihl 

"'''"'"3 .md ChJ,ullydt~J' ·rort/111 tnlt•c..tionot lt\·c:
'roc!-: 111.1y h;1vc: rrue pentstl.'nr componellf\, 

fnr cx.unpk·. thl· pn· nv· of d,l\\tC: 1hc:rr.lllt 

~hL:unydtal d~:wlopmencal tonm (Fig. 2) Jt,,, 
hl'c:n do~uutc:nrc:J 111 rhc g.t,tn,tmesnn.tl rr.Kr 

of pi~ that h.IYl' C. Sill.) mtl-Uil>l) (Pmpl~t:htl et 

.tl .. 2110'1) .. tud ,hort:-tl·nn .umbtoru.: trt'.lrmenr 
ot' inli:crcd .1nin1.1b h 11ot d}C:c.:nvc Ill dinu

ll.ltlll~ ,ubd1nic.1l mt~·LCwn (Rllllhold ct .tl .. 

2t lll ). Evltknc~: tor rlw devdopntctH uf anri
hiutil.' re,ist.lnc:c w recr.tc)c:ltnes v1.1 .tcqlll'>lfl<>ll 
,,( I'C:\1\t;lllt'l' gene l'J\\Ctr..:-. has ht·t:n n•ponc:d 

ft>r C. >IllS (l~n.trr c:r .tl .. 2()(11 ). b I[ pO\\tblt: 

rh.tr one of rhc u>nsequc:nc.·s of chc: (1fe\t:tll.c 

llf pt:r\1\(Cllt tOrt II\ IS c..' 01Hpt•[t:llt'l' fur ~CIICtlt" 
c.. x<..h.tn~c' 1.. ,,,,,,,,11 .. 1 ,l'xu.dh. .ll'lJlllred lll

lt'l.tlOil Ill ~(lt'C:p. i~ ,I 1\l,IJOI l',lll\t' llf llttl.'C:tiOlh 

.1borrmn. ( 'hrutltL t.:hl.~tnvdt.ll tnknmn of the: 

rcproJuc:nv~.· tr. ltt ol ~we~ dt.H exp~·n~:n~·e 

rr~~l.llll. y lnlur~ h.l\ h~·cn re-porred ro linur 
the bn·c.:·dulg lik of .ttll-crl·d l'Wl'' anJ l'Yl'll

nttll) rl'sulc~ 111 upper !-\~tnt.tl tr.ta p.Hhnlt>i-'Y 
(1'.1pp .lllJ Shewt·n. I '~1J7) . lr 1' unli>rrun.Jtc 

th.tt .1 der.nk·d c..h.Jr.tcr•TiZ.IUon ol tht· ll.llllll' 
nt' chl.lmydt.tl dcvdopntt:lll Ill ~hrom,.tlly ul

kued 1.'Wt'\ h.t\ not bl·t:n done:. Arc rhc\l' pc..·r

\l~tl'lll mtl-llt<HI,, tnd 1' rherl' .111 t'4lll\',tlcm Ill 
rht· upper gt•nir.tl lr;l(( of wnnten who h.u hor 

C . rmdll•lll•lll~? 
.-\rt• dwrc lhl.llllVth.d .mnbutt'' rh.1t .lrt• \llll

tl.tr to rho\l' (ll'n~tvnl co h · unport.IIH til the 

dt·wlopmetl£ oi 'yphtl1' I.JCC:IIt·y? I he: c:hl.nnyd-
1,11 Pmp IJnnlv 111 prott:lll\ 111.1) 'han~ k.lture) 

With dlt' r ,,,tfful/1111 I 'pr 1.111111~ lr 1\ known 

th.1r 'umc: d1lunvth.1l J>mp l.mnl)- lllelnbers .arc 

\III'IJC:t' cxprt'''cd .tnd nt.IY bt• Jcvt·loplllt'tH.tlly 
n•;.:ul.ttnl l'mp l'Xpn'"Jml 111 \ 1\'n 11.1~ hcl'll 
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111\'C~[J~.ICC:d by .1~\t'\\lllg Jllllllllllt' rt'~poll~l'\ CO 

che5e pmcems (T.m cr .tl.. 200'J). In v1vo ~md
ie\ .m: m:eded to dcrcrmmc ii ,ubscb of ~hb
mydial Pmp~ .ln.! a~sodarcd with .u:utl' vc:r~u~ 
chrome dm:.1sc 

T uberculosis 
Tubcrculo~1s ts .1 Lhronu; di~easc cau~cd 

by the bactenum \ Jyrvbtlacnum Tr4bcrruhlll>. 
Rccogmt1on of asymprornatic.: carriage puw:
tuacc:d bv cp1~ode\ ul .IUIVC mtccnon ts very 
well desLrtbed in the: hcc:rawrc, with ,, rich 

ht~cory uf both dtntcal .md b.tstc lllVc\ng.t
uons. Control of tubcrculosts ts .1 fu1~t:rion of 
the 1mmune rcspomL" and the Jcvdopmenr of 
granulom.1s, generally in rhc lung, cottslstmg 
ot .1 necroru: LOre surrounded by munune cf
fec.:ror cells. Tubcrclc: b.1C1Ih .1re oftcu found 

UJ the m·crOtiL core, extsnng under lu~hly 
hypoxic t;Ondi(Jons (Chao .md Rubm, 2010). 
R.eacrivanon ot dJsc;\se ., a rc\ulr ot mccrter

ence with rhe tmmunc response ldem1ficanon 
of unmune mL"chamsnts char control pnmal) 
mtc:cnon .md prevenr re~ILnvattnn is .111 area of 
tmense mvesri~tion 'Lm and Flynn 2U 10). 
~cmhcs of the narural hmory of tuberculo
Sis .md the cdl .md molccubr bwlog-. of rlw 
pathogen have prov1ded u~ not onl\ w1rh ,1 
timdamemally prcc.1s~ und~:r;tandmg ol di~e.hL" 
progre~smn hut .1lso w1rh .tn cxt:dl<:m lcxH .. on 
of rcm1~ rh.1t help to prl'C.:J~dy JdlnL" Jisca~c 
status and c.:har.u:renzJrions of tlw p.1thogc:n tn 

ways rh.n help under;rand sllltts m Jis~·ase sr.m.• _ 
For example, .llcordmg w Ch.m .md Rubm 
(Chao and Rubm, 20 I 0) l,ltL"nq .mJ rc:acnv,l
non rctk·..:c dtsc.1sc \t,ltcs. whert•.Js dnnn.1m:y 
~111d rcsuSCitarmo rdkct p.1rhogen phenotvpl'S. 
Latl'llL)' 1s JdinL"d ,1\ "a ,t.ttL" of .lsympmm
,ltiC.: intec.:c1on ..:h<Jra..:tl·nzt·d by low b.tett·n.ll 
counts .111d a lack ot climt.tl ~tgm or ths~.l~c." 
l~c.lc.:tlvarton 1s detineJ .ts ''the trJnSitH>n from 
asympromanc \1. wbawirlsls mtccnon to vis1hle 
s1~11s of .1crivc disL"asL"." Dormancy IS detint•d 
as ".1 scare of nonrepht.mon rh.1t t~ ..:h.1rac tL"r
ized by long-term v1abiliry dL"spHc lllCtaboltt. 
dtlWl1-fl'gulJttOII." Rcsusot.ltlon IS ddint>d .1s 
".1 mcrabolit. tr.mstonuauon ti-otn .1 rdativcly 
mL"rr. nonrephl.lting \t.Jt~ llltO ,111 acnvcly th-
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v1dut~ ~tart·." lh·cordut~ ro these tletinlllons. 
pathO!!;Cll donn.mq t urrel.ttL"s wuh l.1cency 
.md p.uhog~n resu~~.tcmon c:orrc:bet:~ wah 
I"CJI.ttV.tUOI\. 

Tuben ulosts rt:S\',Ircher' h.JVL" stt< ces~
full) L"xplmred molet.ul.!r gt•nent; ret.hll tques 
ro under;t.llld umdmons rh.lt d11.1r p.1thogen 
Jonn tiiC'J Knmded~t of how ,\/ tubmuft,lll 
modul.ut•s gt·nc expression .tnJ mcr.tbolism to 

cnrer .11td ~xtr the: non rcpltc.mng dormanr state 
hots then b~en .1pphed w devdop 111 \'1\'0 lllOd
cls ol larenLY and.reatnv.uwn. Envlr~HllliL"nral 
tactor5 that tnggL"r JonU.IllLY mdud.: t.trvJ
oon tor nurriell(s and hyp,>xia (Ch, 1 and 
Rubm, 201 II: Shlec\',1 et Jl .• 2004. Wa~ 11t' .md 
Soh.1skey. 20()1 ). WhL"n these strL"SS· rdarcd 
t.Ondmom 1re ,1pphed ro ,\/, tubcr(lt/•''IS, -trik
mg mctahohc rt:programmmg OLI.Ut ..,, mdud

mg upregul.mon of :.cress rL"spome ~· n~·s and 
downrcgulauon of nJ.1ny u.:ncral nwr.1holism 
genes. NULrOart;ty ~tud!I.!'S have prOVlduJ CVI
JenCL' tor ;I hypoxic: rcgulou called dvi r tn at:
ronym tor Jom1.1nC) survtv.tl) (Vosklll r .~1 , 
:2004) The dos rL"gulou includes JUiV.IIidl1 or 
genes needL"d tor cac.1holism of novel , .trbon 

sources. includm~ tarrv at.td\ and cholc,terol 
Ch;w and Rubm. 20 I 0). ~ lutams un.tble to 

control rhc dos rL"guJon do twt rcstt\CitJtt' trom 
hypox.ta nomully (Kumar L"t o~l 211117) JtHI 
have ·• ddccr 111 a rwo-componc:nr o;ign.tling 
')''St~m re~ulator called Do~R ,llso 1-.JII>Wn " 
DcvR). ALtiVtry LOJHrolled by dos ,.,·~nruallv 
marurc~ lllW a longer cen11 ll\ poxt.t rL"\pomc 
(Olltrolled hv .1 Stfl'\s-relarcd Slg111.r t3cror 
(Rmt td ~t 1!.. 200H). '-lome nt the dc1s-r ulatcd 
genes ,tre thought to r~srrain v1rulcttce I' ,low
Ill?; Jown bJctl'nal ~rowrh DmR-n lt.Jtcd 
L"Vcnts al''' may conkr ph~..·ttotyplt re . r.1nu: 
tO dlltlbiot!CS VIJ fOXIll-.llHitOXIJI IIICdl.olll~ll\\ 
rhat lllVO)VL' rap1d mRNA dcgr.ld.tCJOII .\ ht'll 
the kvcb of rht• roxm ~~·nc prodult L"X
tecd d10\l' of the antiCOXlll (R.nn.tgc ct al.. 
20()tJ). 

R~..·susur.ltlOII from don11.IIK)' 11\Volvt·~ up
rcgul.itiOll of enzymes rhar .liter pc:pndo!!;lyc.lll 
\trucrure. I r 1s known rh.1c dormancy rt•stilrs 111 

.1 pl·pudo~lyt.an ~rructurc rh.1r is 1.n>S\ hnkcd 
d1tfcn·ntlv from rho~r tounJ 111 vcgcr.ttiw celk 
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It h thought char rh1s creates :1 more stable cell 
wall for donnanr-phasc organi.~ms. SwJtchm~ 
ro rhe vegccarsve tom1 of pepodoglycan pro
duce~ a muropeptide ligand that miciate~ .1 

sJ~lal cramducoon casc.J.dc, wh1ch lc,•d~ to 

metabolic uprehrulanon and rherehy facilitates 
rc~U\CJtaoon (Chao and Rubm. 20 10; Llvoll.ly 
er a!.. 200S). 

It •~ very clear that Al. Tuberculosis react1 
V;He' from a l.1ccm srare and that th1s resulcs 
111 ep•~odes of ,1cnve dtsease. The rol6 of 111 

VItro-defined donnancy and resuscJtanon have 
nor yet been proven ro be the mechamsrns 
th.tt .tccount for latency/reactl\ auon disea~e 
scatt:' of tuberc.ulosis. However, che mvesttg.•
nou of progranuned changes in the pathogen's 
growth scaru~ is a lo~rical strategy toward un
derst.tnding .1crive versu~ latent tuberculosis. as 
It 1nvolves the pathogen responding to envl
ronmemal cues that ultimately reflect changes 
in the 1mmune scacus of the host. 

WHAT ABOUT CHLI\.MYOlAE? 
Chnic;~l data tor chlamydia! mfections do not 
prov1de strong suppon for alternation becvveen 
acnve and lacem stares. except perhaps for C. 
pslffacr mfewons in b1rds under highly scrc~ed 
condmons m chc abarro1r, wruch may cause 
reacuvaoon of!atent gastrointestmalmfecuon. 
Th1~ pocenoally mreresting example of re<ICti
vatiOn has nor been systel'illltically stud1ed, ;llld 

very httlc IS known about either the status of 
Lhc host or the status of the pathogen under 
condinons of latency or rea.covanon for av1an 
111 fccuons. 

An ,tlccmaovc possibility is that active chiJ
mydialmfecuon may Irreversibly traJlSJtion tmo 
latent d1sease without any possibility of reacti
vation. Perhaps female genital tract in.ft.•ctiom 
best exempli£) thi~ scenano. Acrive chlamyd
•al inlecrion must occur in the lower genital 
tr.•ct. It t~ there thar chlamydwe are reqmred 
to complere a productl\'e infecciom cycle 
(EB ~ RB ~ EB) co be etfecovely crammit
tcd . In contra~t. transmissiOn ts never assonated 
Wlth upper gemtal rract d1scase, and tht>rd(m.· 
the nece~siry of complerm~ the developmental 
cycle: to y1eld mfectwus EB populatiOns b nor 

au essenual component of chbmyditl infecnon 
of tht· upper gemctl rract. Thus, latency in the 
f(mn of persiStence or developmenr of other 
met.lhohcall} dormant phenorypes would not 
compwmJst· rramnussibilit). since the upper 
gemul tract ts. 111 etlec.t, a dead-end locale 

Tlw problem w1th this scenano 1s that data 
h.IVt' IHH heeu obc:nned to derem1mc 1f RBs, 
cryptic chlamyd•ac. or noniniecnous aber
ram fonm art' ennched in upper genital rracc 
dJ\Ca~e. Btn can we take some cues from the 
work done 111 tuberculosis research co assess 
p.uhogen phenotypes char are pro6rranuned <~c
cordmg lO cnvtronmencal modutmon to gain 
u1s1ght~ imo the pathogenesis of chlamydia! 
gemtal tract mfecnom 111 women? lt rums out 
that much like what has been seen m studies 
011 ,\1. tubcrcu/t~)l) donnancy m Vlrro, chlamyd
Iae may haw a way of regulating a producove 
ver.u' a nonproductive growth !>tarus Indeed 
the development of <tcqwred immunity in the 
fom1 of Th 1-dependc:nc immune-regulated 
cytokme~ mduces changes in tbc: phys1ology 
o( the infected host cell known to elicit per-
5istenc chlamydia! growth 10 VItro. We come 
once .tg.un to the IFN-y-med1ared mducnon 
of 100, the mtracellular degradation of tryp
tophan, and m effects on chlamydia) grO\vth 
(Beat£) et a!.. llJ~4). The developmenr of ab
errant chlamydia) growth under chese condt
uons, all done 111 cell culrure models, provides 
•• pownually phys•ologtcally relevant mecha
umn tor the induction of chlamydia! latency. 
Thc relevance of thts model of chlamydia! 
permtt'nCl' w.1s bolsrered by chlamyd•al pro
teome stuthc~ (Sha"v eta!., :WOO) and genomt>
'equenc,.tg swd1es (Caldwell etal., 2003). These 
~tudics demomcrated char (i) C. tradwma11s has 
.1 parnal CT)11tOph,m operon that is acnvated 
under condmom of rryptophan starvation Jnd 
(ii) thl· requ•red substrJre tor the producoon 
of tryptoph.m. a reqwred amino acid. is mdolc 
(Wood et al.. 2003) Ne1ther chlamyd•.1e nor 
tht• III,UlllllJiian host C<lll make indole. OUt •11-

trigumgly, member.. of the vagmal nucrobwra 
.Jrc very oti:en mdole producers. Wub these
findlll~. in v!lro ob~ervations mad~ w1thout 111 

vr\'o cun-el.mom bt:gm w make seme. 
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"lo\\ we h.1\'c: .1 ~c:~·u.ano wh~·rt• thiJmyda.lt' 
have ·vulvt•d .1 llh:c:h.lm,nl ch.1r unl1zc:~ chc: 
pol}- llHC:robl.li l!ll\'lronmcm 111 the lower gt'lll
ral [[Jt[ (0 OVCI"lllllll' trypwph.lll \(JI"V,I(IOU 
mdut:cd by thc: host lllllllllllt' rl.'~ponsc. Tim 
11\t't h,lfi!SIII IIIVoiVI:'S the .1bilnv of ( h l.1111yui.tc 
ro scmt• trypmph.m .tV;HI.Ibtltty rh10ugh the rc 
ymrc:mc:m of this JllUIIO .tC:IJ ·" ,I llll"t'prcs,or 
tor th~ tr.ul,c:npttonal rt·~l.Hm r.,,R. When 
rrypwph.111 1' re.1dily ava1l.lhlt:. TrpR. n:prcsses 
expres,lon of tht• c:nzyme trvptoph.m svnrhJ\l' 
from the p.ll'tl,d tryproph.m opero11 of g-enit.ll 
C. rrar/iclllltiW (C .1rlson ec .tl. 21lll<•. Akers .1nd 
Tan. 2tlll(•) llo\\e\'er. whc:n thl hose c:dl iu
duc:es ID(.) .mJ Je~'TaJe) rryproph.tn to mhih1r 
c:hlamyJ1.tl ~·T<l\\'th. the ab't'IIC:t' ot trypwpllJn 
prt:Vt.'llf'> Tq1R !Tom ti.mcnonmg .1\ .1 reprc:ssor 
.md .IIIO\\') trypmph.m synrh.ht' ro he c:xprc:s)ed . 
lndolt·. provtdcd by rhe polynucrnbwl envl
ronmem of' the lower gcmt.ll cr.cn, L.m then 
bc: used .1s .1 ,ulhrrace tor prodm:non otrrypm
ph.lll, .1llowiug nonnal rhlamyd1.11 ~'Towrh ami 
geucrJuon •>f mtccrious progeny. In rhe upper 
~'t!mt~tl rr.ILt. however. orht•r 11111:robi.11 tlor.1 
may nor bl· prcscm ,1nd Lhl,unydi.le m.ty be 
un,1ble to owrcomc 100-mduu:d ttyproph;lll 
srarvatton 13m thh is of lttrh: unporranc:e to 
rhc c.:hlalllydt.lt' rh.tt re\1d1.· 111 th1~ loL'.lk, sint:c .1 

produc:UVt' lnll:t:tion m the t1ppl'r gemral rr.1c:t 
1' not unport.mr t(>r rransllliS\IOll. fhc~t· d1t: 
teretll.e' 111 tht• p.1thogcn phenotype .It ditfcr
cnr s1t1·~ 111 rht• fct~ulc: reprmh11. nve rr.1cr IIIJY 
expl.tu1 sOIIll' fi.mJJ.mcmal lt'.Htii'L's of c:hl.l
tnydi.tl gcuu.tl disc.m:: producuv~· lllkltton 111 
the lower gctut.ll traer lc:.tJ, ro 'prc.1J, wh1le 
a noupruduL ttve pershrem lllll'l uon nuy kad 
to 'moldt·nng 111H.unm.mon. whh.h 1\ .1 h.tll
mark of L hl.un) d1.tl upper gt'lllt.ll rr.1~ r di,c.lsc 
10 WOillt'll. 

TillS I'> .1 t"Oillpt•llmg swry th.1t budds 011 ct'll 
culmrl' 'Y'tl'llh of iuunune dll'Ltor hmc:rwm. 
rhc Jcvdopnlellt nt c:hl.unydi.tl JWN,tt.'lll:l' 111 
VItro, .mJ thl.unydi,tl ~enonllt .111d g~·nt· rq,rtl 
l,ltton 'tud1e~. lntkcd. the unpi1C:.tt1on th.1r th~.· 
cvoluttun ot" rh" gen1r.tl tr.lll p;1rlwgcn 111-
volvcs thc: nc:cd to ac~Jlllrl.' rryproph.m 111 .r w.tv 
thar en~.1gc:s polynuuoh1.d ulvoiVt'llll:'llt 1' I)[ 
ten uvcrlooh·d Ill mt(.•\.WHI\ dl\t'a\e rc:st•Jn.h 
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Bur let U!> ~rc.:·p b.ltk rrom rh1~ h) pothc.:·rlc.:.tl cx
.1111ple ol how c.: hl.llll) ~hal genu.tl tt.td Jl,~'.l'l' 
Ill wolllen lllJ}' O<dll' .1nd tOil~1der wh.lt ".rc
ru.dly know11. We 'P~'UII.trt· ,tbout che role of 
llllllllllloregul.ltt•J c.:yrokm..:s 111 .1 l tl'ru1~ ~.hl.l
lllydi.rl 4rowch to Induce pt'rslstc.:·n~.c. t\11 J.tta 
1bour rh1s p.1rt nt'tht· \tory .1rc tro111 c.:cllculrurc: 
\\'\tt'llh, .tud 111 \'1\'0 c:orrel.1tc~ h.1\'l.' ll<H lwt·n 
e,t,lbli\hed. W.: dt\~ u" the mdttllble p.1m.d 
tryprophan opc:ron .md mdole rt'lJlllrelllt'llts ·" 
ti tht\ IS Wh.tt .Ktu.tJh I\ Ill.'<.. ttrnllg Ill VIVO, bm 
... orrelares bc:twecJl tlldoll'-producmg 1\lu .. ro

blot.t .1ud ~.hlaluydl.aii:.B produc:ttou .1~ tk lulc.:·J 
hv mknivicv ,1,\,1\'' h.t\'c.:•nm bl.'enobr.tlllt'd. WI.' 
c:o11,1c.:kr the dttl-;:rc:nc.:c~ Ill mJok·-produuug 
11\H.mblOtJl> bet\'vt.'t.'ll upper anJ lower rr.1u 
..:o111parrmenrs. but thl\ renta1n' 'pec.:ul.tuve; 
.111J we condudc th.ll pc:rs~:~tem tonm 111.1y .tc:

~.ounr t(lr the IIISIJwm mtl.1mn1.1non .h\l>tlatcd 
With upper gentr.d rr.llt disease 111 Wollll.'JI, bm 
Wt' havt.· noc 1demiticd pr:rsisrem mll.•umn .... 1~ 
LOntnbuong t:1c.: tol5 w ..:hl.unydial gt'lllt.tl rract 
dt~e.Jsc 111 women. The problem ~~ nor rh.H rhe 
hypmhcscs contt'rtllll~ c.: hlamydiJI pc.:·rsl\tt'IILI! 
.tnd J1St'Jsr: stJtll\ .m~ nm artracrive bur rh.1r 
rt•qum:J 111 v1vo d.tta ,1rc lac:klng. II' lll>llpro
ducrtvc. long-J.I,tlll~ c:hl.unydi.tl plwnol}11cs 
.trl' n:s11.Lng 111 c.:elb ol the upper gc:lllt.tl traer 
of wwneu w1rh -.:hl.uuydiJI dbea~c. chen the ... c 
tom\\ must ht• 1dentttiL·d t'ttht:r 111 .Ill .rppro
pn.ltt.' .1111mal 1110del or 111 ~ret..llucn' r.1kcu 
ti·nu1 p.1tiencs. II t o11ver-.mn tro111 pmtlurnvc 
to llnnprodul.'tiVI..'. pn~1~rem 1ntt:tnon' 1\ lllt
iUt'tl'd by rhe gt..'lllt.tl tr.1n mrcmb1ut.1 111d 1ts 
~.lp.tncy to produLe 1ndulc. rhcn 111\'l.'\ttg.ltiun 
ufthc: llletJbolomc: ofdw gt:nirJlnut rnh1oc.1 111 
wollll'll and the ,r.1tt1s qfthl.unydt.tlutkc.:nom 
llllU fd be JOIIL'. rlll'~t..· \[II tilt'S ,tn: lll'lt'"·"'Y to 

'l1ppnrr or rdtltc tlw role of pcr~JSCc:nr lllt'l·t
ttoll' 111 thl.unvdl;tl dl\l'.l'loe. 

T y pho id Fever 
f)phntd ti:ver 1' .1 \.\(L'IIllt: mtl.·c.::uon ~.lll,cd by 
s,,(l/llllll'lltl l'lllt'nul \l'l ov.tr Typhl .llld oiL IJlllrl.'d 
\1.1 the oral routt• (Mon.1ck c.:·t d., 21 II Hh). 
lllkt.. non rs th.ll'.ll t\.'rllcd by mH.1111111.1t11lll 
Ill the Slll.lll lllll'\tllll' .I[ Pl.'ycr\ p.ttt ht'\ I" his 
llltl''rin.tl c.::omp.lr!llll.'nt. ~..·o111pnsc.::d 11t' h n1ph 
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nodule\ designed to provide anogeu sampling 
for macrophages, dendnnc cells, and T and B 
lymphocytes, 1s the sire of Salmallclle~ serovar 
Typhi dissenunaoou. where phagocytes arc 
infeC[ed Within the lamim propria. Infected 
phagocyrc:s gain access ro the lymphatics and 
bloodstream, resulting in spread of the infec
tion to the liver, spleen, gall bladder, and bone 
marrow. Some mdividuals become lifelong 
cmiers. periodically shed Scllurcmella Typhi in 
rhe1r srools. and .ue d1ereforc 1mporcant res
ervoirs of infection (Sinnott and Teall, I \>87). 
The earner stare is characreriz~::d by a robust 
immune response tO serovar Typh1 and the: 
absence of disease symptoms. Studies of per
Sistent Salmonella dtsease in mice indicate that 
persistence is a fimcrion of the capacity of the 
pathogen to surv1ve in macrophages (Monack 
et al., 2004a), and at least for nonryphoidal sal
monellae, macrophage persiStence contribUtes 
to increased disease severity in AIDS patients 
(Gordon, 2008). It is also known that macro
phage persistence require~ the SPll and SPI2 
type three secreoon (T3S) systems and effec
tor gene products rhat help resist the eftects of 
antimicrobial peptides and phagocyte oxidases 
and other antimicrobial effects (Monack et aL. 
2004b; Hensel, 2000). 

WHAT ABOUT CHLAMYDIAE? 
Persistent salmonellae res1de in monocytes 
and macrophages. There are reports o[ chla
mydiae existing as p_erststent, aberrant RBs 
in macrophages 10 the Jmnts of patients with 
reactive arthntis (Carter and Hudson, 2010), 
but the charactenstics of the pathogen w1thin 
mfected joints have not been established. 
Reactive arthrins is an illness characterized by 
joint inflanm1ation occurring shortly after gas
troenterius caused by gram-negative hactert<l 
or genital mfecriom cau~ed by C. rraclwl/ltltis 
(Townes, 20 l 0). 

Members of rhe genus Salmo11elln are able to 
effect changes in host cell fuuction after nlfec
rion by virtue of the!t T3S system, which 1s 
destgned to deliver pathogen-produced effec
tors mto membrane structures and cytoplasm 
of the host celL Clrlamydltl, like Salmonella. 

possesse~ a T3S system, and secreted effectors 
have been shown to modulate host cell func
t-ion (Hower et al., 200':.1; Mitel et al., 2010). 
One tmportant rnterion for long-term persis
tence ~~ the ability to ntaimain a stable rela
oonship with the mfected host cell over a long 
renn. Intracellular chlamydiae are reported to 

program infected hose cell physiology to ac
tively dictt an anuapoptotic state, especially 
under conditiom of nonproductive, persistent 
growth (Byrne and Ojcllls. 2004). This acnv
lty may involve the secrenon of chlamydia! ef
fector molecules into the host cdl cywplasm 
vi.1 T3S. It is not known if th1s mechanism of 
host cell reprogramming occurs in vivo or tf 
1t in any way contributes ro the development 
or ma1nrenance of chronic chlamydiaJ infec
tions. buc it is a feature shared with Snlmonella, 
a well-known cause of persistent d1sease. 

WHAT IN VIVO C ONDITION S 
FALL UNDER T HE RUBRIC OF 
CHLAMYDIAL PERSISTE N CE? 
Chlamydia! mfections of ammals, includmg 
birds, sheep, swine, and bovines are conunon, 
often subclinical and clu-onic, and are reported 
to h:we a measureable adverse impacc on the 
health and well-being of economically impor
tam hvestock (PospJSchil et aL, 2UOY; R.emhold 
et al., 2010, 2011; Papp and Shewen. 1YY6, 
19lJ7). Unfortunately. very little is known 
about the growth status of the pathogen i11 
these chronic infections. Work on C. suis in
iectiom in swine has clearly demonsrrared the 
presence of chlamydia! inclusions com.umng 
morphotypes that have features in conm1on 
with classtcal cell culture-based chlamydia! 
perSIStence (Pospischil et al., 2009). This pro
vides a rationale for study of veterinary chla
mydialmfecnons ro gam a perspective on how 
modulaeion of pathogen fimction and produc
tive versus persistent mfi:ction may relate to 

the problem of chronic chlamyd1al dtsease. 
R.oger R<tnk and colleague~ (see chapter 13, 
"'In vivo chlcunydial infection"') have shown 
that C. muridnrum mf~ctiou of mice depleted of 
uemrophils promotes the development of the 
aberrant chlamydia! phenotype anJ that Nul 
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"'u 1Udc nuce maJmam long-t<!m1 chroruc C. 
cmtlwmacu mfccnons. Study of these models 
\hould be exploncd more fully. 

For hum:tn chl:unvd1:JI mfecnons. posr
gonococc:~l urcthnns may provide an example 
of clmical pers1~rencc. Postgonococcal ure
rhntls IS defined .1s a pemsrenr or recurrent 
~exua!Jy .1cqU1red un:rhnl 1ntecnon occumng 
111 men who had been successfully created for 
gonorrhea With bera-lacram anab10ncs (One! 
.1nd R1dgwav, 1982a). Most of rhese paoems 
were found co be pomivc for Chlamydia. Th1s 
syndrome 1s now of h1stoncal significance be
cause anrH:hlamydial antibiOtiCS :1re now rou
nneh. added to the trcarmenr of gonococcal 
mfecnons However, when mrracellular chla
mydiae are exposed to pcmc1llm or ocher bera
l.Ktam .mnb10ncs m vmo, they srop div1ding 
.1nd d1splay the large .1berranc phenotype asso
Ciated w1rh cell culture persistence (Matsumoto 
and Mamre, 1970). Whtle aberrant chlamydia] 
fom1s have nor been 1denotied m posrgono
coccal urerhnns. rhe derecnon of chlamvruae 
after rrearmem wHh bera-lacram anrib10rics 
suggests that C . cradwmacrs mav persm m the 
human host :md rcacnvarc ro cause disease 
Tim 1s not :1n 1migmficam observanon, al
though H 1s c:unous char rhe besc example of 
chl:unydial pcrmtencc m ht1man d1sease anses 
from an exogenous source of persistence m
duLtlon (pemctlhn) rather than as a result of a 
pathogen-dnvcn mcchamsm. 

Cunou~ly, there were no reports of rhc 
cqu1valcnr of post-gonococcal-m.::nment dts
ea~c 111 women when It was cstabhshed that 
C. trarlwmtllts ~:;lU~cd postgonococcal urcchntis 
Ill the !97(h (R1chmond er :tl., 1972). Ar that 
wnc there were reports to 1ndicate that chla
myd1al ccrvtcltls could persiSC for mure than a 
year 111 umrcatcJ women who demed havmg 
had 1mercour;e sm<.·e rhe1r 1nta:JIIV po~mve ex
:.~mmarJon (McCom1ack cc al.. 197Q) Ge1~ler 
recenrly commenced on the pracncal and etht
call\~ue~ .1\\0Ciatcd w1th human natural h1srory 
of intccnon \tud1cs (Ge1dcr, 2010). lt IS diffi
cult to know wHh cert:umy the nme at wh1ch 
mm:tl exposun.· ro the pathogen occurs or 
whethl·r remtccnom play .1 role 1\1\ost 1mpor-
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randy, once the p:tthogen IS tdentJtied, treat
ment, 1f avatlable, must begm. In the ab<.ence 
oi natur:tl hiStory ~tud1es, but With reasonable 
indiC:JtJOm that pcrsi<.tcnce 1s 1mporcam m up
per gemtal tract dJ~ea~e 10 women. It 1s of cno
cal Importance to establish reliable b10markers 
to help charactenze the presence of chrome 
chlamydiae wHh ;1 htgh degree ot· specifiCity 
and ~ensmv1ty 

WHERE DO WE GO FROM HERE? 
We began th1s ch;1prer bv ~uggesong chat chla
mydiae were different from other p:trhogens. 
ThiS chapter ha~ posed the question of how 
SlmjJar or dJ.fferent chlamyd1ae are from other 
mtcrob1al po~thogens that are also d!fferenr 
from run-of-rhe-mtll pathogens. All compara
tive example~ cho~en represent pathogens well 
c~tabltshed m causmg persiStent, chrome, or 
latent d1seasc: (F1g. 3). The pathogens selected 
tor companson here were chosen because we 
thought tht·y prov1ded excellent examples of 
chrome disease char have correlates w1rh chla
mydiae .1s :tsse~sed by cdl culture models. Bur 
thts li~r 1s by no me:~ns c.:omplere, and we may 
noc even h:tve chosen the besr examples. Why 
not take the tunc to make your own lm and 
see hov·> chlamydiae arc simtlar to or differ
ent from the pachogcm th:tr you select. It IS 
fun-and educational! 

Ev1dencc suggcsrs rh;u chlamyd1ae also are 
ditferem from the group of perststent patho
gens descnbcd here, although they share fea
tures With many of them !'here arc very few 
examples of ~hhunyd1al mfi:cnons that cause 
rc:1cttvauon of mfe~:uon 111 way' that have been 
Jescnbed lor vtvax malana. roxoplasmo~1s, or 
rubcrcukNs. except when the condmons tor 
per>lstence Jrc e'tabltshed exogcnou~ly. such 
as Vla mducoon ot rhe pcm~rence phenotype 
by adm1msrranon uf pcmcllltn. sernng the stage 
for pO\tgono~:Ol'C:ll urethnm, but .1pparently 
(and cunnuslv With no rccogmzed cqmvalenr 
in women ~umlarlv, chlamvdial mtcct1ons do 
nor .tppcar to probrress through dctined 'rages 
of pnmary. secondlry, :tnd tcmary dJscasc m 
a manner suntbr to T p,!l/idwn 1nfccnon md 
\ypllllts, where 'tc:1lth 111 .1vmdmg tmmunc 
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dunm.uwu trom an ~xtr,t~dhd.tr rc"dt:n~·· 

mu~r be p.trantoum. 
br.1blhh~J cx.unpl~~ ot ~.hrontl ~hl.llliYJt.tl 

mtl-~.uom lllJY \lure mlllbnrtc~ w1rh typhoid 
t~wr Th~: ~.am.:r stJtc tn ryphmd lever ~~ b.l
'iiCJIIy ch.1t llf 111 .l:.ymprolll.ttlc ,ht:tkkr. Tim 
l omlmon ,~·c11t~ ~unil.tr ro t hl.unydial mle1. 

uom rcporrcc.ltn \Wiltl' .md mher livestmk. In 
tht:,__. L.I~C' wvcrc .tc:ute mkc.nons (t·.~-. nl~c. 
nou' .tbornon) 11\Jrun: tow chrolllc rc:IJtlOtl
,htJh bcC\.Vc.' ·n the. lilt~ rub<.: .111J tht hu't wah 
Jeb,ar.ablc p.nho~c.'lllc. porcno.tl (Pnspi,chtl cr 
JL, 2UOY, Item hold ·r .tL 20 I I. P 1pp .mJ 
\hewc.•n, I 1N7). There.• .trc.• ,1 number ot ,tv;ul

.lble uum,tl models rh.tr <•mid h • dt!\' ·loped 
to ,tudy ~.hrona: chlamydi.tl ink<ttom usu1~ 
nacur.1l mtct:tion moJds. Th<.:se mdudc.· ,rud
ies of C. $11is in pigs (Po,p1s1.h1l <'t Jl.. 2Utl')) 

.ua.l C. ,,[,,trttb Ill she ·p P.tpp md Shcwen 
I ':>91>, llJlJ7) _ D<·velopmenr of th~,c modd~ ts 

likdy ro prov1de dirc.'d intom1.tnon rdc\',tllC 
m \Witte .md shcc.•p mti:crious dt,c.·.t~es .tnd may 
provide imi01r rc:lev.1m to humJn t.hl.unyJi.ll 
mte1.t10ns. Ar rhe very lease, we Wllllc.tm ho\\ 

anuu.tl-inkcnn~ C/ihuuydia 'rraul\ .md dJ\e,Jse' 
of hvc.:stoc.:k Jre 'illlUI.Ir ro. m thllC:rem fi·om. 
hum.111 ~hl.tmvc.l1.tl 'trams .111d .:hl.unydt.tl Jls
c.:asl'' ofhumJm. 

Bm is rhc.:n· more ro rill' rc.:l.momhtp hl'
tween ..:hl.tmydt.tt: JtH.I rhetr ho\b th.111 cur
n:ntlv mec.•ts rhc ~ye? Chimc.:r.t is , 111 mtert•snn~ 

word Sotucnnw' 1t rl'li:rs to s(mtc.·rhmg rh.tr 1' 
real tnd Vt.:ry .1b11onn.tl. bur usu.tlh· It UHlt.:ep
tualtl ·:. J crc.:auon in one.: 's mmJ .. 1 rignwnr ,,f 
the llll~l~ll.tllOll, .1 ph.llttolll frnm lost worlds
nor ,111 ·vl'ryday r<•.tltry Amonym' ic)r chunc.:r.t 
tndudl' u11 rlw ouc.: l1.1nd Ct'llll\ likt.' re.tltry .md 
rnnh bur on rht.· otha luud renns hkt· not 

mal. urdul.ll)'. tnd rq~ul.tr. Tht· lllytlwlogt
cal tlrc-bn:.trhutg momtc.:r \\'lth .1 lion\ head . 
,, go.tt \ body .mJ d st•rpc.:m\ rail i~ the mosr 

1.0illlllOll Vhton of.t o..hun~:r,t. de.1rly a <rl'.tntr<' 
of drc.lllls (or nightmares). I Sur wh tl of ,1 1111 -

~mbJ.tl p.trho~c.:n wtth thl· c.lorrn.tuq pott'llCI.ll 
of P . ''llltl.\, the t.tpat.lry to \lii"Vivt.• .111 inllllllllt' 
re~pume It le T ~,,,d, mJ \./ tubamlcu>. u1d 

1 tcudenc:y roward .tsymptolll;tnt: <'.ln1,1!J;t' like 
\t~lnltllldf,, bur \\ trh dw pot ·nn.tl lor ~..tusin~ 
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loug-wnn c.:omequ~nt:t·s lik<· 1 _ I'''Jhdu111? b 
this a t.hm1er.1 nr rhc.· Jetimnon <>t .1 h1~bh sut: 
c~·,!>tltl. wt!IJ •. lc.l.lpt<•d p.trhogcn rh.u h.ts found ,1 

novel w.1y ro ,urvtVL' Within tt~ ho,t? Is thh tht.' 
definmon ol C/tf,ltll)'d'"? 

A llt.IJOI qu<'StiOil conrmuc.:s to be where 
hunun C. tradttttllt/11$ 1nleuiom tit 111 rhe 
'pe<:rnnn ot" .u.:urc.• v~1~11' ~.hn>nic mti:t:t1un. 
C hr01m: !>t:.lge~ ufhlindu1~ tradlOrtJ.I repr<•,c.:m 
.t medl.IIIIL'.tl Jbordcr when: rhc p.1thn~~.·n i' 
trn:lcv.1m ottre the lid dhrorrwn pro~e~, be

gms. ReJt.ttVc .trrhntis ts de.1rly .1 chronte dis
c.l\e 111 whl< h "hl.unydl.tC m.ty bl.' mvolvl.'J. 
.mJ tht stof)" of ( Jllll'lll/tclllltll' and heart dls
L',Isc: •~ well known. Urerhnus .md t:c.:n•tt:iti:. 
nuy cvolvt..• imo nwn: t.hrOilll ~.·oudinom, bur 
n.m1r.tl ht~rory 'rud1es .tr<' Jttlt< ulr to conduct 
.mJ rck·vant .tmm.tl modds .are not well c.:srab
lisht!c.l \'IS-j-v1s pc.:rmre1Ke. Uppt.•r gemral traer 
dt\c:1se 111 women 1l1.1y rt'fic.:ct c.:hronte di,e.tse. 
but somug through rhe prot:e\:. m rh~.-· n.tlur.tl 
host 1:. nor pt;tCti(.tl or crhtc.tl Anunal llltHlc:b 
nuy bt useful tools ro lwrrer unJel'\t.mJ '- hl.l
mydlal pcrsl\tenu· Ill rhc upptT ge111tll tr.t<.:t. 
but 111 v1vo tppro.tchc.:~ h.tvt• provtded ()n)y 
lmllted mtonu;mon, rhus t:1r. 

~nrl!ms b1olog\ stud1c.:s .tr · needed ro .td
dress key qut•snom rh.tt wtlllmk dc:r.ub rc~ard-
111~ p.tthogeu pheuorype' .md rhe devclop111enr 
of.:hron1r d1sc.1st' In dcvdoptng rhc\t.' rypl's of 
\trare~tc.':., 1t w1ll b.: 1111purr.11H hr'lt to l.Jrl'l.ull} 
wl~d .111 .tppropn.ttt.:. tr.t~ ubk modl'l ho,t that 
rdiecrs <Olldltions r ·lcv.IIH ro till' exp~ fllll•'m.tl 
qu~srwm under mvesn~.tnon Moll\l' ntodels 
prob.thly rcprt.·sem rhe IIHl't \ .tlu.1hl~· Jv.ultbk· 
tool lwc.m~t· the~t· .lltllll.lls t.lll be.· gcllt.:tt<.tlly 
mudthcd m su1t tht• tvp<' ot llltcuton undn 
ulve~ug;ttlOtl. The lllllllsc J\ hmt 111.ty nnt be 

rhl' only expcrinwntal w'rt.>u1 hkch ro y1l'IJ .1 
body of,ystems bwlogy JJtJ: hut It" rdev.mt 
.11td h1ghly trac.r:lblc m th.tr produtuon nf de
\lgner mouse.· str.mh fc.trunng tr.tm speotic.: lor 
IK·sr utunkki ng hu m~111 diseast· i\ li:.mbk .. 1111.1 
d.1ra sets usmg llltLl' lend rhcm,dvcs rl'Jdtly tt) 
bJoinl(mll.ttll .mJ systems h1olo~ .tppro.tLhcs. 
When ' 'on1u.:-.." rools .trc.: .1pphcd w the stud) ot

chl.unyc.li.tl dtst';lSl', the: prohkm or PL'l'\1\Cellt.:e 
.111J '- hl.unydt.tl dJ\t\1\t' 'evet iry nt.ty lln.1lly 
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mature to the point where rehablt· biomarkers 
are dtScovert!d that wtll enable translation co 
human mfections m ways that wiU help us to 
better understand the true role of chronic m
leccions in thr repertoire of important human 
diseases th:n <Lre caused by ch.l..unydiae. 
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Cytosolic bacterial pathogens require extensive metabolic adapta-
tions within the host to replicate intracellularly and cause disease. In
phagocytic cells such as macrophages, these pathogens must re-
spond rapidly to nutrient limitationwithin the harsh environment of
the phagosome. Many cytosolic pathogens escape the phagosome
quickly (15–60 min) and thereby subvert this host defense, reaching
the cytosol where they can replicate. Although a great deal of re-
search has focused on strategies used by bacteria to resist antimicro-
bial phagosomal defenses and transiently pass through this com-
partment, the metabolic requirements of bacteria in the phagosome
are largely uncharacterized.We previously identified a Francisella
protein, FTN_0818, as being essential for intracellular replication
and involved in virulence in vivo. We now show that FTN_0818 is
involved in biotin biosynthesis and required for rapid escape from
the Francisella-containing phagosome (FCP). Addition of biotin
complemented the phagosomal escape defect of the FTN_0818mu-
tant, demonstrating that biotin is critical for promoting rapid es-
cape during the short time that the bacteria are in the phagosome.
Biotin also rescued the attenuation of the FTN_0818mutant during
infection in vitro and in vivo, highlighting the importance of this
process. The key role of biotin in phagosomal escape implies biotin
may be a limiting factor during infection. We demonstrate that a
bacterial metabolite is required for phagosomal escape of an intra-
cellular pathogen, providing insight into the link between bacterial
metabolism and virulence, likely serving as a paradigm for other
cytosolic pathogens.

Subversion of the hostile phagosomal environment is required
for the survival of intracellular bacteria. Although bacterial

strategies to resist antimicrobial phagosomal defenses have been
studied in great detail (1, 2), the ways in which bacteria counter
phagosomal nutrient limitation are largely unknown. This is es-
pecially true for cytosolic pathogens that are often in the phag-
osome for a very limited time (15–60 min), before escaping this
compartment to reach their replicative niche in the cytoplasm.
During this brief and dynamic time, it is unclear if cytosolic
pathogens require sequestration of nutrients or synthesis of de
novo metabolites to promote their virulence strategies and es-
cape the toxic phagosome.
Francisella tularensis is a cytosolic intracellular Gram-negative

bacterial pathogen that uses a multitude of mechanisms to evade
phagosomal host defenses (3). This pathogen is highly virulent
and causes the potentially fatal disease tularemia. Francisella
novicidaU112 and Francisella holarctica LVS (live vaccine strain)
are less virulent yet highly related strains that are often used as
models to study F. tularensis. Like other cytosolic bacterial
pathogens, after initial contact with the host macrophage, Fran-
cisella spp. are taken up into a phagosome and rapidly escape (30–
60 min) this compartment to reach and replicate within the cy-
tosol (3–5). The mechanism by which Francisella escapes the
Francisella-containing phagosome (FCP) is unknown; however,
this process requires expression of the Francisella pathogenicity
island (FPI), a cluster of 17 genes encoding a putative type VI
secretion system (T6SS) (6–8).

We previously identified FTN_0818, a hypothetical protein
with no known function, as one of the most critical genes for F.
novicida replication inmousemacrophages (9).We also identified
FTN_0818 as being required for infection of mice using an un-
biased genome-wide, in vivo negative selection screen (10), a
finding later supported by another group as well (11). FTN_0818
was also identified in an intracellular replication screen in ar-
thropod-derived cells (12). Here, we characterize FTN_0818 and
highlight an adaptation of Francisella to the FCP by linking
intraphagosomal metabolic requirements with rapid escape from
this compartment.
Our studies demonstrate that FTN_0818 is required for growth

in nutrient-limiting environments, and by use of a phenotypic
microarray, we identified the enzymatic cofactor biotin as being
able to fully complement the growth defect of the FTN_0818
mutant. The addition of exogenous biotin alleviated the re-
quirement of FTN_0818 for rapid FCP escape, intracellular rep-
lication, and pathogenesis in mice. Our data suggest that biotin
may be a limiting factor that, when absent, restricts cytosolic
pathogens to the phagosome, blocking their escape and pre-
venting them from reaching their replicative niche in the cyto-
plasm. We show that bacterial metabolism within the phagosome
is vital for rapid phagosomal escape and likely serves as a para-
digm for other cytosolic bacterial pathogens.

Results
FTN_0818 Is Required for Rapid Escape from the FCP and Intracellular
Replication. The screens that identified FTN_0818 as being re-
quired for Francisella virulence used transposon insertionmutants
that can have defects in genes other than the one targeted. We
therefore wanted to validate the identification of FTN_0818 and
constructed a clean deletion mutant in F. novicida (ΔFTN_0818).
We infected macrophages and found that at 7.5 h postinfection
(pi), wild-type (WT) bacteria replicated almost 10-fold, whereas
ΔFTN_0818 was unable to replicate (Fig. S1). To ensure that this
phenotype was attributable solely to deletion of FTN_0818 and
not an unknown second-site mutation, we complemented the
deletion strain with a WT copy of FTN_0818. The complemented
strain replicated to levels similar to the WT (Fig. S1). These data
confirm that FTN_0818 is indeed required for F. novicida repli-
cation in macrophages.
Several steps are required for Francisella replication in macro-

phages including passage through the highly nutrient-limiting FCP
(13), and we set out to determine at which step ΔFTN_0818 was
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defective. To test whether ΔFTN_0818 had a deficiency in entry, we
infected macrophages and determined the levels of intracellular
colony-forming units at 30 min pi, before any bacterial replication
occurs. WT, ΔFTN_0818, and the complemented strain were
present at similar levels (Fig. 1A), demonstrating that FTN_0818 is
not required for initial uptake of F. novicida by macrophages.

Escape from the FCP is essential for Francisella to evade this
nonpermissive environment to successfully replicate in the cy-
tosol (4), and this process requires the expression of Francisella
pathogenicity island (FPI) genes. We, therefore, measured the
expression of the FPI gene iglA during macrophage infection
with either the WT or ΔFTN_0818 strain. At 30 min pi, iglA
expression in the ΔFTN_0818mutant was significantly lower than
that in the WT strain, although its expression increased by 4 h pi
(Fig. 1B). The kinetics of FCP escape correlated with this iglA
expression defect. At 30 min pi, both WT and ΔFTN_0818 were
almost exclusively (>95%) within phagosomes (Fig. 1E and Fig.
S2). At 3 h pi, WT had largely escaped as >95% of the bacteria
were cytosolic (Fig. 1 C and E), whereas ΔFTN_0818 was still
almost completely retained within the FCP (Fig. 1 D and E).
However, ΔFTN_0818 escaped the FCP at 6 h pi after iglA ex-
pression increased in this strain (Fig. 1E). These results indicate
that FTN_0818 is required for WT expression of an FPI gene
early in infection and subsequent rapid escape from the FCP,
correlating with the severe growth defect of the ΔFTN_0818
mutant during macrophage infection.

FTN_0818 Plays a Role in Biotin Metabolism. Because FTN_0818 is
required for regulation of iglA in the nutrient-limiting FCP,
a process critical for escape from this compartment (Fig. 1B),
and recent literature has emphasized the importance of the
metabolic state of Francisella for virulence (14), we hypothesized

that FTN_0818 may play a role in the acquisition of nutrients or
production of metabolites. To determine whether FTN_0818
might be involved in these processes, we compared the growth of
ΔFTN_0818 in rich [tryptic soy broth (TSB)] and defined minimal
medium [Chamberlain’s medium (CHB; Table S1)] (15). We
found that ΔFTN_0818 replicated to WT levels in TSB (Fig. S3A);
however, it exhibited a severe growth defect in CHB in compari-
son with the WT and complemented strains (Fig. S3B). These data
demonstrate that FTN_0818 is specifically required for growth in
a nutrient-limiting environment (13), suggesting that it may con-
tribute to the acquisition and/or biosynthesis of nutrients that are
required for growth in these conditions.
To determine whether a specific metabolite could complement

the growth defect of ΔFTN_0818 in minimal media, we used a
Biolog Phenotypic Microarray. As expected, the WT strain grew
well in minimal medium (modified CHB), whereas the FTN_0818
mutant did not (Fig. S4). Only biotin was able to complement
growth of the FTN_0818 mutant (Fig. S4). We further validated
these results, showing that biotin complemented ΔFTN_0818
growth in CHB (Fig. 2A). These data suggest that the FTN_0818
mutant has insufficient levels of biotin and that FTN_0818 is in-
volved in the acquisition or synthesis of biotin in F. novicida.
Biotin is required for numerous metabolic pathways and is

covalently attached (biotinylation) to proteins to facilitate their
activity. Therefore, one method for quantifying biotin levels in
bacteria is to measure the level of biotinylated proteins. Using
immunoprecipitation with streptavidin, we quantified the total
concentration of biotinylated proteins and detected much lower
levels in the FTN_0818 mutant compared with WT (Fig. 2B).
Furthermore, exogenous addition of biotin to CHB restored the
levels of biotinylated proteins in ΔFTN_0818 to those of the WT.

Fig. 1. FTN_0818 is required for rapid phagosomal escape. (A and B) Macrophages were infected with the indicated strains, and colony-forming units were
quantified at 30 min pi (A) or qRT-PCR was used to measure the expression of iglA and normalized to the expression of uvrD at 30 min and 4 h pi (B). (C and D)
Transmission electron microscopy of infected macrophages at 3 h pi (arrows, intact FCP). (E) Phagosomal escape of WT (black) and ΔFTN_0818 (gray) was
quantified 30 min to 6 h pi. One hundred bacteria per condition were viewed and the percentage of phagosomal escape was determined for three in-
dependent experiments. *P < 0.05; **P < 0.001; ***P < 0.0001.
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Therefore, these data further suggest that the FTN_0818 mutant
has a biotin deficiency.
Biotin biosynthesis in E. coli consists of two major steps: the

well-characterized latter step involves the synthesis of two fused
heterocyclic rings on a valeryl side chain, and the first step is
dedicated to the acquisition of a pimelate moiety, which is re-
quired to generate the aforementioned valeryl side chain (Fig.
2C) (16). To gain an indication of where FTN_0818 is required
in the pathway, we tested whether pimelate could complement
the growth defect of ΔFTN_0818 in CHB. Interestingly, when
pimelate was added to CHB, it rescued the ΔFTN_0818 growth
defect with a minor delay (Fig. 2D). These data suggest that
FTN_0818 is required for the production of pimelate and sub-
sequent biotin biosynthesis.

Biotin Alleviates the Requirement of FTN_0818 for Phagosomal Escape
and Replication in Macrophages. We next tested whether exogenous
biotin could also rescue the intracellular defects of theΔFTN_0818
mutant. At 30 min pi, exogenous biotin complemented iglA ex-
pression in the ΔFTN_0818 mutant (Fig. 3A). We used immuno-
fluorescence microscopy to determine whether FCP escape kinetics
correlated with the rescue of iglA expression in the presence of
biotin. We observed that ΔFTN_0818 had a phagosomal escape
defect (Fig. 3 B–G and K), similar to our previous results using
electron microscopy (Fig. 1 C–E). At 30 min pi, biotin-supple-
mented ΔFTN_0818 localized to the FCP (Fig. 3K). However, at 2 h

pi, this strain was within the cytosol (Fig. 3 H–K), similar to WT.
These data clearly demonstrate that biotin is required for the rapid
escape of Francisella from the FCP.
Because biotin rescued iglA gene expression and subsequent

escape of the FTN_0818 mutant, and escape is required for in-
tracellular replication, we tested whether biotin could also rescue
replication. During macrophage infection, the WT strain repli-
cated nearly 30-fold, whereas ΔFTN_0818 exhibited a severe
replication defect (Fig. 3L), in agreement with our previous data
(Fig. S1). However, when biotin was added to the macrophages
at the time of infection, the ΔFTN_0818 replication defect was
significantly complemented (Fig. 3L). We further tested whether
pretreatment with biotin before infection would rescue the in-
tracellular growth defect of the FTN_0818 mutant, or whether
biotin had to be present during the infection. ΔFTN_0818 grown
in CHB supplemented with biotin overnight, but without exog-
enous biotin during infection, was unable to replicate in macro-
phages (Fig. S5). This demonstrates that biotin must be present at
the time of infection to facilitate replication. These data show that
biotin is required to promote escape when the bacteria are present
within the FCP.

FTN_0818 Is Required for FCP Escape in Multiple Francisella Species.
To determine whether the role of FTN_0818 was conserved in
other Francisella species, we first generated a deletion mutant
lacking the FTN_0818 ortholog, FTT_0941 (99% amino acid
identity), in the human pathogenic Francisella tularensis strain
SchuS4. Similar to our findings with F. novicida, the FTT_0941
mutant in F. tularensis had a defect in escape from the FCP
(Fig. S6). However, when biotin was added to the media, the
FTT_0941 mutant escaped with WT kinetics (Fig. S6). We also
generated and tested a mutant in the live vaccine strain (LVS),
a derivative of highly pathogenic F. holarctica. We found that the
FTN_0818 ortholog, FTL_1266 (99% amino acid identity), was
also required for LVS escape from the phagosome, as well as
growth in minimal media, and that these phenotypes were
complemented by biotin (Fig. S7 A–D). Furthermore, FTL_1266
was also required for replication in macrophages (Fig. S7E), in
agreement with the role of FTN_0818 in F. novicida. Together,
these data highlight the conserved role of FTN_0818 in multiple
Francisella species.

FTN_0818 Is Necessary for Pathogenesis in Mice, and This Requirement
Is AlleviatedbyBiotin.We and others identified FTN_0818 as being
required for Francisella virulence in mice using in vivo screens
(10, 11). To validate these findings, we performed competition
experiments in which a 1:1 mixture of the WT and ΔFTN_0818 or
the complemented strain was used to infect mice. Forty-eight
hours pi, ΔFTN_0818 levels were 1–2 logs lower in spleens
compared with WT (Fig. 4A). In contrast, the complemented
strain colonized the spleen of mice similarly to WT bacteria (Fig.
4A). We also infected mice with the WT or ΔFTN_0818 strain
separately and determined that ΔFTN_0818 was attenuated 100-
fold in the spleen (Fig. 4B) and almost 10-fold in the skin (Fig.
4C), compared with WT. In agreement, the FTN_0818 ortholog,
FTL_1266, was required to reach WT LVS levels in spleens 48 h
pi (Fig. S7F). Together, these results demonstrate the require-
ment of FTN_0818 for Francisella virulence in vivo.
To determine whether exogenous biotin could rescue the at-

tenuation of the FTN_0818 mutant during in vivo infection, as
we observed during macrophage infection, we added biotin to
the inoculum. ΔFTN_0818 without biotin was attenuated nearly
10-fold compared with WT in the skin at the site of infection,
whereas when biotin was added, ΔFTN_0818 was present at WT
levels (Fig. 4D). Furthermore, addition of biotin resulted in
rescue to levels similar as genetic complementation, as observed
with the complemented strain (Fig. 4D). These results confirm
that FTN_0818 is required for virulence in mice and that biotin can

Fig. 2. Biotin complements the ΔFTN_0818 growth defect in minimal me-
dia. (A) WT and ΔFTN_0818 were grown in CHB with or without biotin and
the OD600 was measured every hour. (B) The concentration of biotinylated
proteins in whole cell lysates of all strains was quantified after immuno-
precipitation with anti-biotin antibodies. *P < 0.05; **P < 0.001. (C) Sche-
matic of the biotin biosynthesis pathway with the proposed placement of
FTN_0818 (steps before the generation of pimelate have not been defined in
Francisella). (D) WT and ΔFTN_0818 were grown in CHB with or without
pimelate and the OD600 was measured every hour.
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alleviate this requirement. Taken together, we have characterized
a metabolic protein that links the requirement for biotin in the
phagosome with rapid phagosomal escape and virulence in vivo.

Discussion
Evasion of the harsh phagosomal environment is imperative for
the survival of intracellular bacterial pathogens. We have char-
acterized a metabolic protein, FTN_0818, revealing a unique link
between metabolism and rapid escape from the FCP during
F. novicida infection of macrophages. Exogenous biotin over-
rode the requirement of FTN_0818 for rapid phagosomal es-
cape, replication in macrophages, and in vivo pathogenesis.
Pretreatment with biotin before infection of macrophages was
unable to complement the mutant strain. However, when the
mutant was microinjected with biotin into the host cytosol
(bypassing the phagosome), or when biotin was added at 6 h
(after the mutant escaped the phagosome), the mutant’s repli-
cation defect was rescued (Fig. S8 A and B). This suggests that
Francisella requires biotin in the FCP to promote rapid escape
and in the cytosol for intracellular replication. These data

contribute to current literature highlighting the link between
Francisella metabolism and virulence (3). Specifically, it has been
shown that utilization of glutathione as a cysteine source is re-
quired for intracellular replication (14). Similarly, utilization of
uracil has been shown to be required for inhibition of the neu-
trophil respiratory burst (17). It would be interesting to delineate
the full metabolic requirements of Francisella within host cells
and, specifically, to determine how these control phagosomal
escape and other virulence traits.
In support of our current data, biotin biosynthetic genes have

been identified as being important for Francisella replication
in vitro and in vivo (9, 10, 18). In addition, Wehrly et al. pre-
viously published a transcriptional profile of F. tularensis within
the macrophage and identified bioB, a gene required for step 2
(Fig. 2C) of biotin biosynthesis, as being up-regulated (19). Ad-
ditionally, Asare and Abu Kwaik published a screen for mutants
with defects in phagosomal escape and identified birA, a biotin
associated gene (18). Taken together, these data provide additional
evidence that biotin, and biotin-associated genes, play important
roles during intracellular infection by Francisella.

Fig. 3. Biotin rescues rapid phagosomal escape and the ΔFTN_0818 replication defect in macrophages. (A–J) Macrophages were infected, and qRT-PCR was
used to measure the expression of iglA and normalized to the expression of uvrD at 30 min pi (*P < 0.05) (A) and immunofluorescence microscopy was used to
determine escape kinetics of WT (B–D), ΔFTN_0818 (E–G), and ΔFTN_0818 supplemented with biotin (H–J) 2 h pi (FITC-stained LAMP-1, green; anti-Francisella,
red; DAPI, blue). (K) Two hundred bacteria were counted per sample, and colocalization with lysosomal-associated membrane protein 1 (LAMP-1) was used as
a marker for phagosomal localization. *P < 0.05; ***P < 0.0001. (L) Macrophages were infected with WT or ΔFTN_0818 strains in media with or without biotin.
Colony-forming units were quantified 30 min and 6 h pi, and fold replication was calculated.
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Bioinformatic analysis revealed that FTN_0818 shares high
sequence similarity with the hormone-sensitive lipase (HSL) su-
perfamily of proteins. Mammalian HSL family proteins hydro-
lyze triacylglycerols for release into the circulation to provide
energy for other tissues (20). They are also the rate-limiting
enzyme in the mobilization of free fatty acids and are, therefore,
critical for lipid metabolism and energy homeostasis (21, 22).
Interestingly, most HSL family proteins characterized in Myco-
bacterium tuberculosis are also required for utilization of stored
triacylglycerols under starvation conditions (23). Alignment of
the amino acid sequence of FTN_0818 with human HSL, rat
HSL, and the M. tuberculosis HSL family proteins LipN and
LipY revealed two regions that contained conserved active site
residues (Fig. 5A) (22, 23). Additionally, these HSL family pro-
teins have between 21–31% identity and 35–46% similarity with
FTN_0818 (Fig. 5B). The first region (FTN_0818, amino acids
77–158) contains the characteristic HGGG motif present in most
HSL family proteins and the GDSAGGNL motif that includes
the catalytic serine residue (Fig. 5A) (24). The second region
(FTN_0818, amino acids 247–278) includes the conserved as-
partate and histidine catalytic residues (Fig. 5A) (24). These data
show that critical catalytic residues conserved in HSL family
proteins are present in FTN_0818 and suggest that this protein
may act as an HSL.
Interestingly, we showed that when the putative catalytic serine

(S151) in FTN_0818 was mutated to an alanine residue, Franci-
sella could no longer grow in minimal media (this phenotype was
rescued by exogenous biotin) (Fig. S9A). This was not attribut-
able to a decrease in the level of expression of the point mutant
compared with WT FTN_0818 (Fig. S9B). Furthermore, dis-
ruption of this catalytic residue led to retention of Francisella
within the FCP (which could be rescued by the addition of bi-
otin) (Fig. S9C), and inhibition of replication in macrophages
and during in vivo infection (Fig. S9 D and E). These data

provide further support for the hypothesis that FTN_0818 is an
HSL family protein.
The role of FTN_0818 in biotin metabolism and its homology

to HSL family lipases raises the question of how fatty acid me-
tabolism might contribute to biotin biosynthesis. The link be-
tween fatty acid metabolism and biotin biosynthesis has long
been unclear but recent insights have been made. Recently, Lin
et al. demonstrated that pimelate is the product of a modified
fatty acid synthesis pathway in E. coli (Fig. 2C) (16, 25). The fact
that (i) fatty acid metabolism has been shown to play an im-
portant role in generating the pimelate intermediate required for
biotin biosynthesis, (ii) FTN_0818 has homology to the HSL
family of lipases that cleave triacylglycerols, (iii) the FTN_0818
catalytic serine point mutant abolishes function of the protein,
and (iv) pimelate and biotin rescue the growth defect of the
FTN_0818 mutant, together, strongly suggest that FTN_0818 is
an HSL family member that acts early in the biotin metabolic
pathway to liberate free fatty acids for biotin biosynthesis.
Taken together, the work presented here strongly suggests that

biotin availability may be a limiting factor for Francisella spp.,
and likely other bacterial pathogens, during infection. Biotin has
been reported as being required for Mycobacterium tuberculosis
virulence in mice and Vibrio cholera colonization of the mouse
intestine, both through unknown mechanisms (26–28). In addi-
tion, several antimicrobials target the biotin pathway by causing
the degradation of biotin or biotin precursors including amicle-
nomycin, actithiazic acid, and the biotin analog α-dehydrobiotin
(29–31), further demonstrating the importance of biotin during
infection, as well as the therapeutic utility of limiting biotin
availability to pathogens.
Our data show that biotin is required in the phagosome to

promote rapid escape, suggesting that biotin is limiting in this
compartment. Iron is also limiting in the phagosome and numerous
host factors such as transferrin play a critical role in the control of

Fig. 4. Biotin rescues the ΔFTN_0818 virulence defect in vivo. (A) Mice were
infected s.c. with a 1:1 mixture of WT with the ΔFTN_0818 or the ΔFTN_0818
complemented strain (ΔFTN_0818-COMP). At 48 h pi, spleens were harvested
to quantify bacterial levels, and the CI was calculated. (B and C) Mice were
s.c. infected with 106 cfu of WT or ΔFTN_0818. At 48 h pi, the spleen (B) and
skin at the site of infection (C) were harvested and bacterial levels quanti-
fied. (D) A competition assay was performed with WT and ΔFTN_0818 in the
absence of biotin or WT and the ΔFTN_0818 complemented strain in the
presence of biotin. At 24 h pi, the skin at the site of infection was harvested
to quantify bacterial levels, and the CI was calculated. *P < 0.05; **P < 0.001;
***P < 0.0001.

Fig. 5. FTN_0818 is a putative HSL family protein. (A) CLUSTAL multisequence
alignment including mammalian HSL proteins (human, GenBank accession
no. NP_055348.2; rat, GenBank accession no. NP_036991.1) and the Myco-
bacterium tuberculosis HSL family proteins LipY (GenBank accession no.
YP_177924.1) and LipN (GenBank accession no. CAB05441.1), in two regions,
including the conserved residues (γ) of the catalytic triad (serine, red; aspartic
acid, green; histidine, blue) and HSL family protein amino acid motif HGGG
(purple). (B) Percentage identity, percentage similarity, and e value of HSL
family proteins to FTN_0818.
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infection by depleting phagosomal iron. Similarly, the host innate
immune system has been shown to target biotin. Chicken embryo
fibroblasts and yolk-sac macrophages induce the production of
avidin, which binds and sequesters biotin in response to Escherichia
coli infection, treatment with lipopolysaccharide (LPS), or in-
terleukin-6 (32, 33). These data suggest that sequestration of biotin
may be a form of nutritional immunity by the host innate immune
system and support the idea that biotin might be a critical and
limited commodity during infection. Sequestration of biotin could
restrict cytosolic pathogens to the phagosome, blocking their escape
and preventing them from reaching their replicative niche in the
cytoplasm. Understanding more about how specific bacterial me-
tabolites are generated and how the host attempts to sequester
these compounds could provide insight into host-pathogen inter-
actions and may reveal targets for the development of antimi-
crobials to inhibit bacteria at an early step in pathogenesis and
combat infection.

Materials and Methods
WT F. novicida strain U112 and F. holarctica LVS growth conditions were
described previously (9), and F. tularensis (SchuS4) growth conditions are
described in SI Materials and Methods. Details of the construction of mutant/

complemented strains and growth curve protocols are in SI Materials and
Methods. Macrophage preparation and infections described in SI Materials
and Methods. RNA was collected during macrophage infections as described
previously (9). Quantitative (q)RT-PCR (real-time PCR) was performed with
the Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems) and pri-
mers (Table S2) using the StepOnePlus Real-time PCR System (Applied Bio-
systems). Immunoprecipitation and microscopy complete descriptions found in
SI Materials and Methods. For mouse infections, female C57BL/6 mice (6–
8 wk) (Jackson Laboratory) were housed under specific pathogen-free housing
at Emory University. Experimental studies were performed in accordance
with the Institutional Animal Care and Use Committee guidelines. Com-
petitive index (CI) [(mutant output/WT output)/(mutant input/WT input)]
and infections with single strains were carried out as described previously
(9). Statistical analysis for CI experiments was as described previously (10).
Macrophage experiments were analyzed by using the Student’s unpaired t
test (in escape experiments, average percentage escape per strain for three
independent experiments were compared).

ACKNOWLEDGMENTS. We thank Colin Manoil and Beth Ramage for help
with the Biolog array; Patrik Rydén (Umeä University) for statistical analysis
of the microinjection data; and Hong Yi for help with electron microscopy
(Emory Robert P. Apkarian Integrated EM Core). This work was supported by
National Institutes of Health Grant U54 AI057157 [from the Southeast Re-
gional Center of Excellence for Emerging Infections and Biodefense (SERCEB)].

1. Skeiky YA, Sadoff JC (2006) Advances in tuberculosis vaccine strategies. Nat Rev Mi-
crobiol 4(6):469–476.

2. Flannagan RS, Cosío G, Grinstein S (2009) Antimicrobial mechanisms of phagocytes
and bacterial evasion strategies. Nat Rev Microbiol 7(5):355–366.

3. Meibom KL, Charbit A (2010) Francisella tularensis metabolism and its relation to
virulence. Front Microbiol 1:140.

4. Golovliov I, Baranov V, Krocova Z, Kovarova H, Sjöstedt A (2003) An attenuated strain
of the facultative intracellular bacterium Francisella tularensis can escape the phag-
osome of monocytic cells. Infect Immun 71(10):5940–5950.

5. Chong A, Celli J (2010) The francisella intracellular life cycle: Toward molecular
mechanisms of intracellular survival and proliferation. Front Microbiol 1:138.

6. de Bruin OM, et al. (2011) The biochemical properties of the Francisella pathogenicity
island (FPI)-encoded proteins IglA, IglB, IglC, PdpB and DotU suggest roles in type VI
secretion. Microbiology 157(Pt 12):3483–3491.

7. Barker JR, et al. (2009) The Francisella tularensis pathogenicity island encodes a se-
cretion system that is required for phagosome escape and virulence.Mol Microbiol 74
(6):1459–1470.

8. Meibom KL, Charbit A (2010) The unraveling panoply of Francisella tularensis viru-
lence attributes. Curr Opin Microbiol 13(1):11–17.

9. Llewellyn AC, Jones CL, Napier BA, Bina JE, Weiss DS (2011) Macrophage replication
screen identifies a novel Francisella hydroperoxide resistance protein involved in
virulence. PLoS ONE 6(9):e24201.

10. Weiss DS, et al. (2007) In vivo negative selection screen identifies genes required for
Francisella virulence. Proc Natl Acad Sci USA 104(14):6037–6042.

11. Su J, et al. (2007) Genome-wide identification of Francisella tularensis virulence de-
terminants. Infect Immun 75(6):3089–3101.

12. Asare R, Akimana C, Jones S, Abu Kwaik Y (2010) Molecular bases of proliferation of
Francisella tularensis in arthropod vectors. Environ Microbiol 12(9):2587–2612.

13. Headley VL, Payne SM (1990) Differential protein expression by Shigella flexneri in in-
tracellular and extracellular environments. Proc Natl Acad Sci USA 87(11):4179–4183.

14. Alkhuder K, Meibom KL, Dubail I, Dupuis M, Charbit A (2009) Glutathione provides
a source of cysteine essential for intracellular multiplication of Francisella tularensis.
PLoS Pathog 5(1):e1000284.

15. Chamberlain RE (1965) Evaluation of live tularemia vaccine prepared in a chemically
defined medium. Appl Microbiol 13:232–235.

16. Lin S, Cronan JE (2011) Closing in on complete pathways of biotin biosynthesis. Mol
Biosyst 7(6):1811–1821.

17. Schulert GS, et al. (2009) Francisella tularensis genes required for inhibition of the
neutrophil respiratory burst and intramacrophage growth identified by random
transposon mutagenesis of strain LVS. Infect Immun 77(4):1324–1336.

18. Asare R, Abu Kwaik Y (2010) Molecular complexity orchestrates modulation of

phagosome biogenesis and escape to the cytosol of macrophages by Francisella tu-

larensis. Environ Microbiol 12(9):2559–2586.
19. Wehrly TD, et al. (2009) Intracellular biology and virulence determinants of Francisella

tularensis revealed by transcriptional profiling inside macrophages. Cell Microbiol 11

(7):1128–1150.
20. Yeaman SJ (2004) Hormone-sensitive lipase—new roles for an old enzyme. Biochem J

379(Pt 1):11–22.
21. Osterlund T (2001) Structure-function relationships of hormone-sensitive lipase. Eur J

Biochem 268(7):1899–1907.
22. Shen WJ, Sridhar K, Bernlohr DA, Kraemer FB (1999) Interaction of rat hormone-

sensitive lipase with adipocyte lipid-binding protein. Proc Natl Acad Sci USA 96(10):

5528–5532.
23. Deb C, et al. (2006) A novel lipase belonging to the hormone-sensitive lipase family

induced under starvation to utilize stored triacylglycerol in Mycobacterium tubercu-

losis. J Biol Chem 281(7):3866–3875.
24. Kanaya S, Koyanagi T, Kanaya E (1998) An esterase from Escherichia coli with a se-

quence similarity to hormone-sensitive lipase. Biochem J 332(Pt 1):75–80.
25. Lin S, Hanson RE, Cronan JE (2010) Biotin synthesis begins by hijacking the fatty acid

synthetic pathway. Nat Chem Biol 6(9):682–688.
26. Sassetti CM, Rubin EJ (2003) Genetic requirements for mycobacterial survival during

infection. Proc Natl Acad Sci USA 100(22):12989–12994.
27. Salaemae W, Azhar A, Booker GW, Polyak SW (2011) Biotin biosynthesis in Myco-

bacterium tuberculosis: Physiology, biochemistry and molecular intervention. Protein

Cell 2(9):691–695.
28. Chiang SL, Mekalanos JJ (1998) Use of signature-tagged transposon mutagenesis to

identify Vibrio cholerae genes critical for colonization. Mol Microbiol 27(4):797–805.
29. Kitahara T, Hotta K, Yoshida M, Okami Y (1975) Biological studies of amiclenomycin. J

Antibiot (Tokyo) 28(3):215–221.
30. Eisenberg MA, Hsiung SC (1982) Mode of action of the biotin antimetabolites acti-

thiazic acid and alpha-methyldethiobiotin. Antimicrob Agents Chemother 21(1):5–10.
31. Piffeteau A, Dufour MN, Zamboni M, Gaudry M, Marquet A (1980) Mechanism of the

antibiotic action of alpha-dehydrobiotin. Biochemistry 19(13):3069–3073.
32. Elo HA, Korpela J (1984) The occurrence and production of avidin: A new conception

of the high-affinity biotin-binding protein. Comp Biochem Physiol B 78(1):15–20.
33. Zerega B, et al. (2001) Avidin expression during chick chondrocyte and myoblast

development in vitro and in vivo: Regulation of cell proliferation. J Cell Sci 114(Pt 8):

1473–1482.

Napier et al. PNAS | October 30, 2012 | vol. 109 | no. 44 | 18089

M
IC
RO

BI
O
LO

G
Y

218

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206411109/-/DCSupplemental/pnas.201206411SI.pdf?targetid=nameddest=STXT


NaxD is a deacetylase required for lipid A modification and
Francisella pathogenesis

Anna C. Llewellyn,1,2 Jinshi Zhao,3 Feng Song,3

Jyothi Parvathareddy,4 Qian Xu,5 Brooke A. Napier,1,2

Hamed Laroui,6 Didier Merlin,6,7 James E. Bina,8

Peggy A. Cotter,5 Mark A. Miller,4

Christian R. H. Raetz3 and David S. Weiss2,9*
1Department of Microbiology and Immunology,
Microbiology and Molecular Genetics Program, Emory
University, Atlanta, GA, USA.
2Emory Vaccine Center, Emory University, Atlanta, GA,
USA.
3Department of Biochemistry, Duke University Medical
Center, Durham, NC, USA.
4Department of Microbiology, Immunology, and
Biochemistry, The University of Tennessee Health
Science Center, Memphis, TN, USA.
5Department of Microbiology and Immunology, School of
Medicine, University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA.
6Department of Biology, Center for Diagnostics and
Therapeutics, Georgia State University, Atlanta, GA,
USA.
7Veterans Affairs Medical Center, Decatur, GA, USA.
8Department of Microbiology and Molecular Genetics,
University of Pittsburgh School of Medicine, Pittsburgh,
PA, USA.
9Division of Infectious Diseases, Department of
Medicine, Emory University, Atlanta, GA, USA.

Summary

Modification of specific Gram-negative bacterial cell
envelope components, such as capsule, O-antigen
and lipid A, are often essential for the successful
establishment of infection. Francisella species
express lipid A molecules with unique characteristics
involved in circumventing host defences, which sig-
nificantly contribute to their virulence. In this study,
we show that NaxD, a member of the highly con-
served YdjC superfamily, is a deacetylase required for
an important modification of the outer membrane

component lipid A in Francisella. Mass spectrometry
analysis revealed that NaxD is essential for the modi-
fication of a lipid A phosphate with galactosamine in
Francisella novicida, a model organism for the study
of highly virulent Francisella tularensis. Significantly,
enzymatic assays confirmed that this protein is nec-
essary for deacetylation of its substrate. In addition,
NaxD was involved in resistance to the antimicrobial
peptide polymyxin B and critical for replication in
macrophages and in vivo virulence. Importantly, this
protein is also required for lipid A modification in
F. tularensis as well as Bordetella bronchiseptica.
Since NaxD homologues are conserved among many
Gram-negative pathogens, this work has broad impli-
cations for our understanding of host subversion
mechanisms of other virulent bacteria.

Introduction

Mammalian host defences include multiple pathways for
recognition of, and action against, Gram-negative bacte-
rial cell wall components including capsule, O-antigen and
lipid A. Accordingly, many such pathogens have evolved
modifications of these structural elements in order to
evade host responses. The lipid A molecules of Fran-
cisella species have multiple unique modifications,
although the details of the pathways involved in generat-
ing these alterations are still being elucidated.

Francisella tularensis is a Gram-negative intracellular
pathogen and the causative agent of tularaemia. Due to its
extreme infectivity, high morbidity and mortality rates,
history of weaponization, and ease of aerosolization and
dissemination, it is considered a category A select agent
(potential bioweapon) by the Centers for Disease Control
and Prevention (CDC) (Darling et al., 2002). Francisella
novicida is a less virulent species that rarely causes
disease in humans but is frequently used as a laboratory
model as it causes a tularaemia-like disease in mice, is
easily genetically manipulated, and is known to use many
of the same virulence determinants as F. tularensis (Titball
and Petrosino, 2007). These include the Francisella patho-
genicity island (FPI), which is thought to encode a putative
type VI secretion system, oxidative stress resistance pro-
teins, siderophores, and outer membrane lipid A modifica-
tions that enable the bacteria to evade recognition and
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damage by host phagocytes (Bakshi et al., 2006; Gunn
and Ernst, 2007; Nano and Schmerk, 2007; Ramakrishnan
et al., 2008; Honn et al., 2012).

Francisella LPS has a unique lipid A moiety that is
distinct from canonical lipid A structures of other Gram-
negative pathogens. For example, compared with the
hexa-acylated lipid A expressed by Escherichia coli, Fran-
cisella lipid A features only four acyl chains that are longer
than those of E. coli by as many as six carbons (Raetz
and Whitfield, 2002; Trent, 2004; Raetz et al., 2009)
(Fig. 1A and B). In addition, Francisella LPS lacks both
the 4′ and 1 position distal phosphates (Raetz et al.,
2009). Also unique to Francisella species, 70% of the total
lipid A in the outer membrane exists in a ‘free’ form that
lacks the traditional Kdo, core and O-antigen polysaccha-
rides of complete LPS (Wang et al., 2006; Zhao and
Raetz, 2010) (Fig. 1C). Unlike the lipid A of complete LPS,
free lipid A retains the 1 position phosphate that is further
modified with a galactosamine residue.

As highly successful intracellular pathogens, Fran-
cisella species are able to utilize multiple phagocytic and
non-phagocytic cell types for replication (Fujita et al.,
1993; Qin and Mann, 2006; Hall et al., 2007; 2008; Schul-
ert et al., 2009). Entry into host macrophages often occurs
by a novel process involving the formation of unusually
large and asymmetrical pseudopod loops (Clemens and
Horwitz, 2007). One to 3 h after uptake by phagocytes,
Francisella species escape the phagosome before repli-
cating within the host cytosol. However, many of the
details of Francisella’s intracellular life cycle are still
unknown (Clemens and Horwitz, 2007).

Although much progress has been made in understand-
ing Francisella virulence mechanisms, there are still many
questions regarding how this pathogen is able to so effec-
tively replicate within host cells and cause disease. To
begin to answer these questions, we performed a
genome-wide in vivo negative selection screen to identify
genes required for pathogenesis (Weiss et al., 2007).

Fig. 1. E. coli and Francisella LPS and lipid A structures. Structures of (A) E. coli LPS, (B) complete LPS from Francisella species and (C)
‘free’ lipid A of Francisella species are compared. (A, B) O-antigen (O Ag), core sugars (Core) and the specific core sugar Kdo (Kdo) are
indicated. For all structures, lipid A backbone disaccharides are highlighted in blue and acyl chains are represented in black with numbers
denoting length. E. coli lipid A 4′ and 1 position phosphate groups (missing from the lipid A of complete Francisella LPS) are highlighted in
red. Unlike the lipid A component of complete Francisella LPS, Francisella free lipid A includes a phosphate modified with galactosamine at
the 1 position (highlighted in green).
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Next, we conducted an intracellular replication screen to
determine which of those genes were important specifi-
cally for replication in macrophages (Llewellyn et al.,
2011). FTN_0544 was identified in both of these screens.
Although annotated as a hypothetical protein of unknown
function in the NCBI database, FTN_0544 belongs to
the YdjC superfamily of proteins. Interestingly, proteins
belonging to this family are encoded by multiple Gram-
negative pathogens including Bordetella bronchiseptica,
Brucella abortus, Coxiella burnetii and Legionella
pneumophila.

In this study, we show that FTN_0544 is a deacetylase
involved in the galactosamine modification of Francisel-
la’s unique free lipid A molecules. We have thus renamed
this protein NaxD (N-acetylhexosamine deacetylase).
Furthermore, we show that the action of NaxD is required
for resistance to the cationic antimicrobial peptide poly-
myxin B, intracellular replication and virulence in vivo.
Importantly, we have shown that the role of this protein is
conserved in human pathogenic F. tularensis, as well as
B. bronchiseptica. Since NaxD is highly conserved in

numerous Gram-negative pathogens, this work has broad
implications for the elucidation of mechanisms of patho-
genesis in other virulent bacteria.

Results

NaxD is a member of the YdjC superfamily of proteins

Although naxD is annotated as encoding a hypothetical
protein in the NCBI database, protein sequence analysis
revealed that NaxD belongs to the YdjC superfamily.
This family is highly conserved, with over 3000 entries in
the NCBI database. Homologues of NaxD are encoded
by numerous pathogens including B. bronchiseptica,
B. abortus, L. pneumophila and C. burnetii (Fig. 2A).
While a member of this family from Bacillus stearother-
mophilus had been putatively identified as a part of a
cryptic cellobiose metabolism operon (Lai and Ingram,
1993), another member from Thermus thermophilus,
TTHB029, has been shown to have structural similarity to
a deacetylase from Streptococcus pneumoniae (Imagawa

Fig. 2. NaxD is a member of the YdjC superfamily. The amino acid sequences of F. novicida and F. tularensis NaxD (FTN_0544 and
FTT_0453 respectively) were aligned with YdjC superfamily proteins from Thermus thermophilus (TTHB029), Bordetella bronchiseptica
(BB4267), Legionella pneumophila (lp12_2472), Brucella abortus (BAbS19_II01260) and Coxiella burnetii (CBU_0580) using CLUSTALO

(http://www.ebi.ac.uk/Tools/msa/clustalo/).
A. The per cent amino acid identity and similarity to F. novicida NaxD are shown. Proteins in bold and highlighted in red are described in this
manuscript.
B. Amino acids surrounding putative active-site residues are shown and numbers indicate their position in the sequence. Highlighting indicates
conserved putative active-site residues (red, asterisk), identical (black) and similar (grey) residues.
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et al., 2008). Structural analysis revealed a putative active
site containing three potential catalytic residues (Imagawa
et al., 2008). Importantly, these residues are conserved
among YdjC superfamily proteins (Fig. 2B), suggesting
that NaxD and other YdjC proteins may function as
deacetylases.

NaxD is required for F. novicida replication in
macrophages and virulence in vivo

We originally identified naxD as being required for viru-
lence in an in vivo genome-wide negative selection
screen (Weiss et al., 2007). In addition, we showed that
this gene was required for intracellular proliferation in a
macrophage replication screen (Llewellyn et al., 2011).
Since both of these screens utilized transposon mutants,
we wanted to ensure that the observed phenotypes
resulted from disruption of naxD and not unintended sec-
ondary mutations. To do this, we generated an F. novicida
naxD deletion mutant and a complemented strain. The
naxD mutant exhibited wild-type growth kinetics in both
rich and minimal media (Fig. S1). Macrophage replication
experiments revealed that the naxD mutant was unable to
replicate in either RAW264.7 macrophages or primary
murine bone marrow-derived macrophages (BMM)
(Fig. 3A and B). In fact, the level of attenuation of the
naxD mutant was similar to that of a previously charac-
terized strain lacking a functional copy of the gene encod-
ing the virulence factor MglA, which is known to persist
but not replicate in macrophages (Baron and Nano,
1998). In addition, the naxD complemented strain repli-
cated to levels similar to wild-type. Given that Francisella
must escape the phagosome in order to replicate, we
used fluorescence microscopy to measure escape kinet-
ics via colocalization of intracellular bacteria with the
phagosomal marker LAMP-1 (Fig. S2). These experi-
ments demonstrated that wild-type and naxD mutant
F. novicida escaped the phagosomes of BMM with similar
kinetics, indicating that the mutant’s attenuation in mac-
rophages is not due to a deficiency in phagosomal escape
(Fig. S2). Overall, these results show that NaxD is
required for intracellular proliferation but not for phago-
somal escape.

While our in vivo negative selection screen identified
naxD as being important for virulence, it did not provide
quantitative data regarding the degree of attenuation of a
naxD mutant. To determine this, we performed competi-
tion experiments. Briefly, mice were infected with a 1:1
ratio of wild-type F. novicida and either the naxD deletion
mutant or complemented strain. Forty-eight hours post
infection, the naxD mutant displayed an approximate
2.5 log attenuation in the skin and a nearly 5 log attenu-
ation in both the liver and spleen compared with wild-type
(Fig. 3C). All mutant phenotypes were restored to wild-

type levels in the complemented strain (Fig. 3C). To deter-
mine the consequence of the naxD mutant’s virulence
defect, we infected mice with either the wild-type or
mutant strain and monitored survival. While mice infected
with wild-type bacteria were moribund by 4 days after
infection, the mutant did not kill mice up to 28 days post
infection (Fig. 3D). Taken together, these data show that
naxD is required for both replication in host macrophages
and virulence in vivo.

NaxD is involved in altering surface charge and
resistance to polymyxin B

After validating the importance of NaxD in F. novicida
infection of macrophages and mice, our next aim was to
determine the role of this protein in pathogenesis. To
further characterize the phenotypes of the naxD mutant,
we subjected both wild-type and the deletion mutant to
different antimicrobials and compared the survival of each
strain. While the wild-type was unaffected at the concen-
trations tested, the mutant displayed dose-dependent
sensitivity to the cationic antimicrobial peptide polymyxin
B (Fig. 4A), which acts on Gram-negative bacteria by
binding to the negatively charged lipid A component of
LPS (Morrison and Jacobs, 1976). Conversely, the mutant
showed increased resistance to the anionic detergent
SDS (Fig. 4B) and displayed wild-type levels of sensitivity
to the non-ionic detergent Triton X-100 (Fig. 4C). The
altered response of the mutant to charged antimicrobials
that act on the cell membrane suggested that NaxD might
be involved in altering the net charge of the bacterial
surface. To test this hypothesis, we measured the zeta
electrokinetic potential of each strain, which gives an indi-
rect reading of the bacterial surface charge. We deter-
mined that the mutant exhibited approximately a twofold
decrease in zeta potential compared with wild-type bac-
teria (Fig. 4D), indicating that NaxD is involved in increas-
ing the charge of the bacterial surface. Taken together, the
naxD mutant’s decreased surface charge and increased
sensitivity to cationic polymyxin B, which targets nega-
tively charged lipid A, suggested that NaxD could be
required for a modification to lipid A that alters its charge.

NaxD is required for lipid A modification
with galactosamine

In order to determine if NaxD is involved in lipid A modi-
fication, we analysed the lipid fractions of the wild-type
and mutant strains using liquid chromatography electro-
spray ionization mass spectrometry (LC-ESI/MS). As
mentioned previously, the majority of Francisella lipid A
exists as free lipid A (Vinogradov et al., 2002; Wang et al.,
2006). ESI/MS analysis via direct infusion of wild-type
F. novicida free lipid A revealed an anticipated peak at m/z
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1665.22 (Fig. 5A) (Phillips et al., 2004; Wang et al., 2006),
while the naxD mutant lipid A exhibited a peak at m/z
1504.15 (Fig. 5B). Interestingly, this shift corresponds to
the molecular weight of galactosamine, and wild-type
Francisella free lipid A is modified with a galactosamine at
the 1 position phosphate (Phillips et al., 2004; Wang et al.,
2006; 2009; Schilling et al., 2007; Shaffer et al., 2007;
Kanistanon et al., 2008; Kalhorn et al., 2009; Song et al.,
2009; Soni et al., 2010; Beasley et al., 2012). The
absence of the galactosamine moiety on the free lipid A of
the mutant would result in an exposed, negatively

charged phosphate group, which correlates with the
decreased surface charge of the mutant strain (Fig. 4D)
(Phillips et al., 2004; Wang et al., 2006).

To determine why the naxD deletion mutant lacks
galactosamine and where NaxD might act in the lipid A
biosynthetic pathway, we measured the presence and
quantities of precursor molecules required for the galac-
tosamine modification. Galactosamine is added to
Francisella free lipid A from undecaprenyl phosphate-
galactosamine (undecaprenyl phosphate-GalN) (Song
et al., 2009), a complex of the sugar with a lipid carrier

Fig. 3. NaxD is required for replication in murine macrophages and mice.
A and B. (A) RAW264.7 or (B) primary murine bone marrow-derived macrophages (BMM) were infected with a 20:1 moi of wild-type
F. novicida (WT), the mglA mutant (mglA), the naxD deletion strain (DnaxD) or the complemented strain (comp). Colony-forming units from
lysates 30 min post infection were compared with those from (A) 24 or (B) 6 h post infection to determine fold intracellular replication (n = 3
biological replicates).
C. Mice were subcutaneously infected with a 1:1 mixture of 105 cfu each of wild-type and DnaxD (red) or wild-type and the complemented
strain (grey). Forty-eight hours after infection, organs were harvested, cfu enumerated and the competitive index (CI) calculated for the skin at
the site of infection, spleen and liver. CI = (cfu mutant output/cfu WT output)/(cfu mutant input/cfu WT input). Bars represent the geometric
mean CI values from each group of mice (n = 5 mice). CI values below 1 (dashed line) indicate attenuation of the mutant strain.
D. Mice were subcutaneously infected with 2 ¥ 107 cfu of either wild-type or DnaxD and sacrificed if they appeared moribund (n = 4 mice).
In (A) and (B), bars represent the average and error bars represent the standard deviation of three biological replicates from one experiment.
Data shown in all panels are representative of at least three independent experiments. Asterisks indicate significance as compared with
wild-type (A, B, D) or compared with 1 (C). **P < 0.005, ***P < 0.0005.
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molecule. Analysis of the wild-type lipid fraction revealed
a singly charged peak corresponding to undecaprenyl
phosphate-GalN at m/z 1006.76 (Fig. 5C). However,
this glycolipid was not present in the mutant strain
(Fig. 5D). Instead, the mutant exhibited a peak at m/z
1048.79, corresponding to undecaprenyl phosphate-N-
acetylgalactosamine (undecaprenyl phosphate-GalNAc),
the acetylated precursor of undecaprenyl phosphate-
GalN (Fig. 5D and E). Conversely, this acetylated pre-
cursor was not detected in the wild-type lipid fraction
(Fig. 5C). Taken together, these data show that NaxD is
required for deacetylation of undecaprenyl phosphate-
GalNAc and that the absence of this deacetylation event
prevents the galactosamine modification to F. novicida
free lipid A.

NaxD is necessary for deacetylation of undecaprenyl
phosphate-GalNAc

After MS analysis revealed NaxD was involved in
deacetylation of undecaprenyl phosphate-GalNAc, we set
out to determine whether NaxD was directly responsible
for this reaction. First, using a strain in which NaxD was
labelled with an 8¥ histidine tag, we found that NaxD
localizes to the F. novicida membrane fraction (Fig. S4).
To determine if NaxD could deacetylate undecaprenyl
phosphate-GalNAc in the membrane, we harvested crude
membrane fractions from either wild-type or mutant
strains and incubated them with synthetic undecaprenyl
phosphate-GalNAc. The lipids were extracted from
each reaction and analysed using LC-ESI/MS. For both

Fig. 4. NaxD is involved in resistance to cationic antimicrobials and alteration of bacterial surface charge.
A–C. Wild-type F. novicida (WT), the naxD deletion mutant (DnaxD) or the complemented strain (comp) were incubated with the indicated
concentrations of (A) polymyxin B, (B) SDS or (C) Triton X-100 for 6 h. Cultures were then serially diluted and plated for cfu (n = 3 biological
replicates).
D. The zeta potential of wild-type and DnaxD was measured (n = 10 technical replicates) and the results of three independent experiments
were combined for statistical analysis.
In (A)–(C), bars represent the average and error bars represent the standard deviation of three biological replicates from one experiment. Data
shown are representative of at least three independent experiments. Asterisks indicate significance as compared with wild-type. *P < 0.05,
**P < 0.005, ***P < 0.0005.
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wild-type and mutant, the substrate peak (undecaprenyl
phosphate-GalNAc, expected m/z 1048.74) was present
at time zero (Fig. 6). After a 5 h incubation, deacetylation
of undecaprenyl phosphate-GalNAc was observed in the
wild-type reaction, since a peak consistent with undeca-
prenyl phosphate-GalN was detected (Fig. 6A). In con-
trast, no product peak was observed in the mutant
reaction (Fig. 6B). These results showed that NaxD in the
membrane fraction was necessary for undecaprenyl
phosphate-GalNAc deacetylation.

To determine if NaxD was responsible for this enzy-
matic activity, we overexpressed naxD in E. coli, which
does not encode a NaxD homologue, does not synthesize
undecaprenyl phosphate-GalNAc or undecaprenyl
phosphate-GalN, and does not modify its lipid A with
galactosamine. We demonstrated that NaxD localized to
the E. coli membrane fraction (Fig. S5), isolated mem-
branes from strains that were transformed with either an
empty vector control or the naxD expression plasmid, and
assayed for enzymatic activity as described for F. novicida
above. LC-ESI/MS analysis revealed that there was no

deacetylated product (expected m/z 1006.73) detected for
the reactions using a whole-cell lysate from the E. coli
empty vector control strain (Fig. 7A) or with the soluble
fraction from E. coli expressing naxD (Fig. 7B). However,
the deacetylated product, undecaprenyl phosphate-GalN,
was detected in assays that contained the membrane
fraction from E. coli expressing NaxD (Fig. 7C). Together,
these results using membrane fractions from F. novicida
and E. coli respectively demonstrate that NaxD is neces-
sary and suggest that it is sufficient for deacetylation of
undecaprenyl phosphate-GalNAc.

The NaxD orthologue in F. tularensis is required for lipid
A modification and virulence

The NaxD orthologue from human pathogenic F. tularen-
sis, FTT_0453, retains 99% amino acid identity with F. no-
vicida NaxD (Fig. 2A). In order to ascertain if NaxD
function is conserved in F. tularensis, we generated a
FTT_0453 (naxD) deletion mutant in strain SchuS4.
LC-ESI/MS analysis of wild-type F. tularensis free lipid A

Fig. 5. NaxD is required for the galactosamine modification of F. novicida free lipid A.
A–D. Total lipids were extracted from (A, C) wild-type F. novicida (WT) and (B, D) naxD mutant (DnaxD) strains in mid-log phase and (A, B)
free lipid A, (C, D) undecaprenyl phosphate-N-acetylgalactosamine (GalNAc), and undecaprenyl phosphate-galactosamine (GalN) were
analysed by ESI/MS in negative ion mode via direct infusion.
E. A schematic for the deacetylation of undecaprenyl phosphate-GalNAc (expected m/z = 1048.74) to undecaprenyl phosphate-GalN (expected
m/z = 1006.73) is shown.
(A, E) Galactosamine is highlighted in green and (E) the acetyl group is highlighted in red.
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revealed the m/z 1665.21 peak that corresponds to Fran-
cisella lipid A modified with galactosamine (Fig. 8A),
although this species was not detected in the mutant.
Instead, the naxD mutant displayed a peak at m/z
1504.13 that corresponds to lipid A without galactosamine
(Fig. 8B). This demonstrates the conserved role of NaxD
in lipid A modification in highly virulent F. tularensis.

Next we tested the functional role of F. tularensis NaxD
in polymyxin B resistance, intracellular replication and in
vivo survival. The naxD deletion mutant displayed an
increased susceptibility to polymyxin B as compared with
wild-type (Fig. 8C). Given that F. tularensis is a virulent
human pathogen, we wanted to determine the importance
of NaxD function during infection of human cells. Indeed,
we observed a severe defect in replication of the naxD
deletion mutant compared with wild-type F. tularensis 24 h
after infection of human THP-1 macrophage-like cells
(Fig. 8D). In addition, similar to the F. novicida naxD
mutant (Fig. 3B), the F. tularensis naxD deletion mutant
was unable to proliferate in primary murine BMM
(Fig. S3). Importantly, NaxD was also required for replica-
tion in mice, since 48 h after subcutaneous infection, wild-
type F. tularensis was recovered at a level 2.5 logs higher
in the spleen of mice (Fig. 8E) and nearly 1.5 logs higher
in the liver than the mutant strain (Fig. 8F). These data

show that NaxD function is conserved in human patho-
genic F. tularensis, in which it is required for the addition of
galactosamine to free lipid A and is required for resistance
to the cationic antimicrobial peptide polymyxin B, replica-
tion within human cells and virulence in mice.

Conserved role of the NaxD homologue in
Bordetella bronchiseptica

Given that the YdjC superfamily of proteins is conserved
among many virulent bacteria, we wanted to determine if
a NaxD homologue from a different pathogen shared a
similar function in lipid A modification. To test this, we
generated a B. bronchiseptica deletion mutant lacking the
gene encoding the NaxD homologue BB4267 (Fig. 2).
B. bronchiseptica is a Gram-negative bacterium that colo-
nizes mammalian respiratory tracts and is considered a
primary pathogen of domestic animals such as dogs, cats,
rabbits and pigs, but can also establish chronic infections
in immunocompromised humans (Egberink et al., 2009).
Lipid A from this pathogen has two phosphate groups that
are known to be modified with glucosamine, a stereoi-
somer of galactosamine (Tirsoaga et al., 2007; Marr et al.,
2008; Basheer et al., 2011). Although BB4267 is nearly
100 amino acids larger than NaxD, the majority of the

Fig. 6. NaxD is necessary for deacetylation of undecaprenyl phosphate-N-acetylgalactosamine. Deacetylase activity assays using
synthesized undecaprenyl phosphate-N-acetylgalactosamine (GalNAc) and (A) 0.5 mg ml-1 F. novicida wild-type (WT) membrane fraction or
(B) F. novicida naxD mutant (DnaxD) membrane fraction were incubated at 30°C for the indicated times and then analysed using LC-ESI/MS
in negative ion mode.
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protein is comprised of the YdjC superfamily domain,
including the conserved putative active-site residues,
which suggests conserved function (Fig. 2B).

Indeed, LC-ESI/MS analysis of the wild-type lipid frac-
tions revealed a doubly charged lipid A peak at m/z
1072.70 that corresponds to lipid A with glucosamine
modifications at both the 4′ and 1 position phosphates
(Fig. 9A). This peak was absent in the mutant fractions,
which instead displayed a doubly charged peak at m/z
911.64, corresponding to the lipid A molecule missing both
glucosamine modifications (Fig. 9B). These data show
that the NaxD homologue BB4267, like NaxD in Fran-

cisella, is required for the modification of lipid A phos-
phates with hexosamine sugars.

Similar to the addition of galactosamine to Francisella
lipid A, the modification of B. bronchiseptica lipid A
with glucosamine requires the deacetylation of undeca-
prenyl phosphate-N-acetylglucosamine (undecaprenyl
phosphate-GlcNAc) to form undecaprenyl phosphate-
glucosamine (undecaprenyl phosphate-GlcN). LC-ESI/MS
from the lipid fraction of the wild-type strain showed a singly
charged peak at m/z 1006.85, corresponding to undeca-
prenyl phosphate-GlcN (Fig. 9C). In contrast, the bb4267
mutant displayed a peak at m/z 1048.88, corresponding to

Fig. 7. NaxD is required for deacetylation of undecaprenyl phosphate-N-acetylgalactosamine when exogenously expressed in E. coli.
Deacetylase activity assays using synthesized undecaprenyl phosphate-N-acetylgalactosamine (GalNAc) and (A) whole-cell lysate from E. coli
with an empty vector, (B) the soluble fraction from E. coli expressing naxD, or (C) the membrane fraction from E. coli expressing naxD were
incubated at 30°C for the indicated times and then analysed using LC-ESI/MS in negative ion mode.

NaxD is a deacetylase required for lipid A modification 619

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 611–627

227



undecaprenyl phosphate-GlcNAc (Fig. 9D), which was
undetectable in the wild-type. This demonstrates that,
similar to NaxD function in Francisella, BB4267 is required
for a deacetylation reaction in B. bronchiseptica. To test the
functional relevance of the lipid A modification with glu-
cosamine, we measured the polymyxin B sensitivity of the
wild-type and mutant strains and found that the bb4267
mutant exhibited a dose-dependent increase in suscepti-
bility to polymyxin B as compared with wild-type (Fig. 9E).

These data confirm that the function of NaxD is conserved
among multiple Gram-negative pathogens.

Discussion

Using in vivo negative selection (Weiss et al., 2007) and
intramacrophage replication (Llewellyn et al., 2011)
screens, we have recently identified NaxD as an impor-
tant virulence factor of Francisella. Here we have

Fig. 8. NaxD function is conserved in human pathogenic F. tularensis.
A and B. Total lipids were extracted from (A) wild-type F. tularensis and (B) the DnaxD strain in mid-log phase and lipid A composition was
analysed by LC-ESI/MS. (A) Galactosamine is highlighted in green.
C. The distance of growth of wild-type or DnaxD along a 0–2 mg ml-1 gradient of polymyxin B was measured (n = 3 biological replicates).
D. Human PMA-differentiated THP-1 macrophage-like cells were infected with either wild-type F. tularensis (WT) or the naxD deletion mutant
(DnaxD) at a 50:1 moi. Colony-forming units recovered from macrophages lysed 24 h after infection were compared with cfu recovered at 2 h
post infection to calculate fold replication (n = 3 biological replicates).
E and F. Mice were subcutaneously infected with 50 cfu of either wild-type or DnaxD and 48 h after infection, organs were harvested and
plated and cfu were enumerated for the (E) spleen and (F) liver (n = 5 mice).
In (C) and (D), bars represent the average and error bars represent the standard deviation of three biological replicates from one experiment.
Data shown in (C)–(F) are representative of at least three independent experiments. Asterisks indicate significance as compared with
wild-type. *P < 0.05, ***P < 0.0005.
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extended those findings by showing that this member of
the YdjC protein superfamily is a deacetylase that is
required for lipid A modifications that render bacteria more
resistant to killing by the cationic antimicrobial peptide
polymyxin B. Given our findings that the B. bronchiseptica
NaxD homologue is also required for lipid A modification,
this report suggests that NaxD/YdjC proteins are likely to
have an important role in the pathogenesis of other viru-
lent Gram-negative bacteria.

This work contributes to a greater understanding of the
mechanisms by which Francisella is able to so effectively
evade killing by antimicrobial peptides compared with
other Gram-negative pathogens (Ishimoto et al., 2006;
Mohapatra et al., 2007). For example, Francisella is nearly
1000¥ more resistant to polymyxin B than E. coli (Mohap-
atra et al., 2007). Because polymyxin B is known to bind

Gram-negative lipid A, it is interesting that the majority of
the exposed surface of the Francisella outer membrane
consists of free lipid A (Zhao and Raetz, 2010). To our
knowledge, Francisella is the only Gram-negative patho-
gen shown to exhibit this sort of unique outer membrane
composition. Mutants that lack the galactosamine modifi-
cation on free lipid A have an exposed phosphate at the 1
position (Phillips et al., 2004; Bina et al., 2006; Schilling
et al., 2007; Shaffer et al., 2007; Kanistanon et al., 2008;
Kalhorn et al., 2009; Song et al., 2009; Wang et al., 2009;
Soni et al., 2010; Beasley et al., 2012), significantly alter-
ing the charge and likely the topography of the majority of
the outer leaflet of the outer membrane. Interestingly, the
small percentage of lipid A that is part of complete LPS
lacks the 1 position phosphate and, therefore, the galac-
tosamine modification as well (Zhao and Raetz, 2010). It is

Fig. 9. Conserved role of the Bordetella bronchiseptica NaxD homologue in lipid A modification.
A–D. Total lipids were extracted from wild-type (WT) and naxD homologue mutant (mut) strains of B. bronchiseptica in mid-log phase and (A,
B) lipid A, (C) undecaprenyl phosphate-glucosamine (GlcN) and (D) undecaprenyl phosphate-N-acetylglucosamine (GlcNAc) analysed by
LC-ESI/MS. In (A), glucosamine groups are highlighted in green.
E. WT, mut or the complemented strain (comp) were incubated with the indicated concentrations of polymyxin B for 6 h and cfu were
enumerated (n = 3 biological replicates). Bars represent the average and error bars represent the standard deviation of three biological
replicates from one experiment. Data shown are representative of at least three independent experiments. Asterisks indicate significance as
compared with wild-type. **P < 0.005.
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not clear why Francisella produces such a large amount of
lipid A without O-antigen, given that O-antigen is critical for
virulence (Sandstrom et al., 1988; Sorokin et al., 1996;
Clay et al., 2008). However, since the majority of Francisel-
la’s outer membrane is composed of free lipid A, it is
intuitive that the galactosamine modification to this moiety
would be critical in resistance to host stresses, similar to
the importance of modifications to complete LPS in other
bacteria (Wang and Quinn, 2010). Indeed, given that this
modification is important for resistance to polymyxin B,
replication in macrophages, and during in vivo infection, it
likely contributes to Francisella resistance to host cationic
antimicrobial peptides such as cathelicidins, defensins and
ubiquicidin (Weiss et al., 2007; Kanistanon et al., 2008;
Flannagan et al., 2009; Llewellyn et al., 2011). Future work
will aim to elucidate whether there are advantages con-
ferred by the novel cell surface component free lipid A, e.g.
whether free lipid A promotes enhanced resistance to host
antimicrobials compared with full LPS.

The Gram-negative pathogen B. bronchiseptica has
been shown to express lipid A species that have one or
both phosphates modified with glucosamine, a stereoi-
somer of galactosamine (Tirsoaga et al., 2007; Marr et al.,
2008; Basheer et al., 2011). Like galactosamine, addition
of glucosamine neutralizes the negative charge of lipid A
phosphates (Marr et al., 2008). In this study we show that
the B. bronchiseptica NaxD homologue BB4267 is
required for the glucosamine modification of lipid A phos-
phates and specifically is necessary for the deacetylation
of undecaprenyl phosphate-N-acetylglucosamine. Similar
to the Francisella galactosamine modification, we show
that this glucosamine modification is important for resist-
ance to the lipid A-binding cationic antimicrobial peptide
polymyxin B. While no bacteria other than Francisella
species have been reported to utilize free lipid A, our
B. bronchiseptica data indicate that NaxD homologues
could be involved in modifying the lipid A component of
complete LPS of other Gram-negative pathogens.

This study has generated new insight into Francisella
pathogenesis and lipid A biosynthesis as well as the func-
tion of YdjC superfamily proteins. Significantly, this study
has broad implications for host–pathogen interactions of
other highly virulent NaxD homologue-encoding Gram-
negative bacteria, particularly intracellular pathogens
such as B. abortus, L. pneumophila and C. burnetii.
Future studies on the role of this family of proteins will
likely further illuminate the virulence mechanisms of other
NaxD homologue-encoding pathogenic bacteria.

Experimental procedures

Bacterial strains and growth conditions

Wild-type F. novicida strain U112 and a previously described
mglA point mutant, GB2 (Baron and Nano, 1998), were a

generous gift from Dr Denise Monack (Stanford University,
Stanford, CA). These strains, the naxD deletion mutant and
the naxD complemented strain were grown at 37°C on a
rolling drum in tryptic soy broth (TSB; Difco/BD, Sparks, MD)
supplemented with 0.02% L-cysteine (Sigma-Aldrich, St.
Louis, MO). F. novicida was plated for colony-forming units
(cfu) on tryptic soy agar (TSA; Difco/BD) and supplemented
with 0.01% L-cysteine, with the exception of bacteria from
mouse experiments, which were plated on modified Mueller
Hinton (mMH) agar plates (Difco/BD) supplemented with
0.025% ferric pyrophosphate (Sigma-Aldrich), 0.1% glucose
(Sigma-Aldrich) and 0.01% L-cysteine. When appropriate,
kanamycin (Fisher Scientific, Fair Lawn, NJ) was added to
media at a concentration of 30 mg ml-1. F. tularensis strains
were grown in mMH broth or on Brain Heart Infusion (BHI)
agar (BHI supplemented with 50 mg ml-1 haemin, 1.4% agar
(w/v) and 1% (v/v) IsoVitalex (BBL, Cockeysville, MD).
Counter selection for resolution of F. tularensis FTT0453
deletion plasmid co-integrants was performed on cysteine
heart agar containing 5% sucrose. Kanamycin was added to
the plates when necessary at 10 mg ml-1 for F. tularensis.
B. bronchiseptica wild-type strain RB50, the bb4267 deletion
mutant and the bb4267 complemented strain were grown
under similar conditions as F. novicida, except using Stainer-
Scholte broth supplemented with nicotinic acid, glutathione
and ascorbic acid as previously described (Hulbert and
Cotter, 2009), or Bordet-Gengou blood agar plates (Remel,
Lenexa, KS). When appropriate, streptomycin (Fisher Scien-
tific) and kanamycin were added at concentrations of 25 mg
ml-1 and 50 mg ml-1 respectively.

Mutagenesis and complementation

To generate the naxD deletion mutant in F. novicida, PCR
was used to amplify flanking DNA regions upstream and
downstream of the gene of interest. A kanamycin resistance
cassette was sewn in between these flanking regions using
overlapping PCR reactions. The final linear PCR product was
then gel purified and transformed into chemically competent
wild-type strain U112 as previously described (Anthony et al.,
1991). The primers used to create the kanamycin-resistant
deletion mutant contained FRT sites flanking the kanamycin
resistance cassette, which allowed a clean deletion of each
mutant to be made using the plasmid pFFlp encoding the
Flp-recombinase as previously described (Gallagher et al.,
2008). A construct for the complementation of the mutant was
generated by overlapping PCR using PCR-amplified frag-
ments of the wild-type gene of interest, upstream and down-
stream flanking regions, and a kanamycin resistance
cassette. These constructs were then transformed into the
chemically competent naxD clean deletion mutant. Verifica-
tion of allelic replacement in the mutant and complemented
strains was performed using check primers in PCR reactions
on purified genomic DNA from each strain. PCR products of
the correct size were subsequently sequenced (MWG
Operon, Huntsville, AL) for final verification of allelic replace-
ment. PCR constructs for F. tularensis mutagenesis were
amplified as for F. novicida and then cloned into plasmid
pXB186 containing a kanamycin resistance cassette and
the sacB counter-selectable marker (making plasmid
pDFTT0453). To generate the FTT0453 deletion mutant, the
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deletion plasmid was introduced by electroporation into elec-
trocompetent F. tularensis SchuS4. Electrocompetent cells
were prepared on the day of the transformation as described
in the supplemental experimental procedures. The resulting
clones were screened by PCR for the FTT0453 deletion. To
generate the B. bronchiseptica bb4267 deletion mutant,
linear PCR deletion constructs were amplified as described
above for F. novicida. This bb4267-deleting fragment was
cloned into the Bordetella allelic exchange plasmid pSS4245.
The resulting plasmid was then transformed into wild-type
B. bronchiseptica strain RB50, following procedures
described previously (Inatsuka et al., 2010). The loss of
bb4267 was confirmed by PCR and subsequent enzymatic
digestions. To generate the complementation plasmid, the
two external primers used to produce the bb4267-deleting
fragment were employed and this complementing fragment
was cloned into pUC18-Mini-TN7 plasmid that has a Tn7
integration sequence, which, along with a helper plasmid
pTNS3, was mated into the deletion strain via tri-parental
mating (Choi et al., 2005) to generate the complemented
strain. All primers and plasmids used in this study are listed in
Table S1.

Antimicrobial assays

The antimicrobial peptide polymyxin B (USB, Cleveland, OH)
was dissolved in peptide buffer (0.01% acetic acid, 0.2%
BSA) and then serially diluted in the same buffer to desired
concentrations. The detergents sodium-dodecyl-sulphate
(SDS; Fisher Scientific) and Triton X-100 (Fisher Scientific)
were serially diluted in 25% TSB. Overnight cultures of bac-
teria were diluted to 1 ¥ 107 cfu ml-1 in 25% TSB. Ninety
microlitres of diluted cultures were then added to 96-well
plates containing 10 ml of the appropriate antimicrobial.
Plates were incubated at 37°C on shaking platforms for 6 h.
Cultures were then serially diluted and plated to enumerate
cfu. F. tularensis antimicrobial susceptibility was determined
by the gradient agar plate method as previously described
(Szybalski and Bryson, 1952; Bina et al., 2006; 2008). Briefly,
35 ml of BHI-chocolate agar (without polymyxin B) was
poured into a square Petri dish and allowed to solidify as a
wedge by elevating one side of the plate. After the agar
solidified, 35 ml of BHI-chocolate agar containing polymyxin
B at 2 mg ml-1 was added to the levelled plate and allowed to
solidify. Theses plates were inoculated with overnight mMH
broth cultures of each respective strain and incubated at
37°C for 2 days when the length of growth along the poly-
myxin B gradient was recorded. The gradient agar plate tests
were performed a minimum of three times and representative
results are presented.

Zeta electrokinetic potential

Overnight cultures of bacteria were subcultured and grown to
OD600 = 1.0. The bacteria were then pelleted (10 000 g,
3 min) and resuspended at a 5¥ concentration in 20 mM
potassium chloride. Twenty microlitres of the concentrated
bacteria were added to 3.2 ml of 20 mM potassium chloride in
the zeta potential electrokinetic cuvette from Brookhaven
Instruments Corporation (BIC, Holtsville, NY). The bacterial

sizes and zeta electrokinetic potentials were measured using
the 90Plus size and zeta potential analyser (BIC). Data were
analysed using BIC Zeta Potential Analyser Software Version
5.20, which takes into account the size of the bacteria when
calculating the zeta potential.

Macrophages

RAW264.7 murine macrophages (ATCC, Manassas, VA) were
cultured in Dulbecco’s modified Eagle’s medium (high
glucose, L-glutamine; DMEM; Lonza, Walkersville, MD) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS;
HyClone, Logan, UT). Bone marrow-derived macrophages
(BMM) were isolated from wild-type C57BL/6 mice and cul-
tured as described previously (Schaible and Kaufmann, 2002)
in DMEM supplemented with 10% heat-inactivated FCS
and 10% macrophage colony-stimulating factor (M-CSF)-
conditioned medium (collected from M-CSF-producing L929
cells). THP-1 monocyte-like cells (ATCC) were cultured in
RPMI (Lonza) with 10% heat-inactivated fetal calf serum
(HyClone). Macrophages were incubated before and during
infection at 37°C with 5% CO2.

Macrophage infections

RAW264.7 macrophages were seeded in 24-well plates at 5
¥ 105 cells per well and incubated overnight. The following
day, overnight cultures of the indicated strains were pelleted
(10 000 g, 3 min) and resuspended in DMEM/10% FCS. After
removal of the overnight media, the macrophages were
infected with bacteria at an moi of 20:1 (bacteria to macro-
phage), centrifuged for 15 min at 900 g, and then incubated
for 30 min. Next, the macrophages were washed twice with
warm DMEM and then incubated in DMEM/10% FCS with
10 mg ml-1 gentamicin. At 30 min and 24 h post infection, the
macrophages were washed twice and then lysed with 1%
saponin in phosphate-buffered saline (PBS). Macrophage
lysates were serially diluted and plated on mMH agar, the
resulting cfu were enumerated and the fold replication of
each strain was determined. The same protocol as above
was followed for the BMM infections with the following altera-
tions: 3 ¥ 105 BMM were plated per well, DMEM/10% FCS/
10% M-CSF was used throughout, and the final time point
was 6 h instead of 24 h. The difference in time point was due
to the fact that F. novicida triggers inflammatory mediated cell
death in BMM (Mariathasan et al., 2005). Therefore, bacterial
replication was measured at 6 h post infection to minimize
loss of bacterial counts as a consequence of the host cell
death response. It is likely that we did not observe this early
cell death in RAW264.7 macrophages because this cell line is
known to be deficient in ASC/caspase-1 inflammasome-
mediated cell death (Pelegrin et al., 2008). For F. tularensis
experiments, THP-1 cells or BMM were seeded into 24-well
tissue culture plates (3 ¥ 105 cells per well) in a total volume
of 1 ml of culture medium. THP-1 cells were treated with
200 nM phorbol 12-myristate 13-acetate (PMA) immediately
after cells were plated. The cells were infected 24 h later with
the indicated strains at an moi of 50:1 bacteria to macro-
phage. Fifty micrograms per millilitre of gentamicin was
added 2 h later to kill any remaining extracellular bacteria. At
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2 or 24 h after infection, wells were washed twice with PBS,
lysed, and then bacteria were enumerated by dilution plating
in duplicate using an IUL Eddy Jet Spiral plater and a
Flash and Go automated colony counter (Neutec Group,
Farmingdale, NY).

Mice

For F. novicida experiments, female C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME) between 7 and 10 weeks of age
were kept under specific pathogen-free conditions in filter-top
cages at Emory University and provided with sterile food and
water ad libitum. Experimental studies were performed in
accordance with the Emory University Institutional Animal
Care and Use Committee (IACUC) guidelines. For F. tularen-
sis experiments, C57BL/6 mice were purchased from Charles
River Laboratories. Mice were age-matched and used
between 7 and 10 weeks of age. Mice were housed in sealed
Allentown caging and HEPA-filtered cage racks with food and
water ad libitum. All experimental protocols were reviewed
and approved by the University of Tennessee Health Science
Center IACUC.

Mouse experiments

For competition experiments, mice were inoculated subcuta-
neously with a 1:1 ratio of kanamycin-resistant deletion
mutant and kanamycin-sensitive wild-type F. novicida for a
total of 2 ¥ 105 cfu in 50 ml of sterile PBS. After 48 h, the mice
were sacrificed and the spleen, liver and skin at the site of
infection were harvested, homogenized, plated for cfu on MH
plates with and without kanamycin, and then incubated over-
night at 37°C. Competitive index (CI) values were determined
using the formula: (cfu mutant output/cfu WT output)/(cfu
mutant input/cfu WT input). For survival experiments, mice
were infected subcutaneously with 2 ¥ 105 cfu of either the
deletion mutant or wild-type strain in 50 ml of sterile PBS and
then monitored for signs of illness and sacrificed if they
appeared moribund.

For F. tularensis infection experiments, mice were chal-
lenged subcutaneously with 50 cfu in 100 ml of sterile PBS.
All procedures were performed under BSL3 containment
according to standard operating procedures that have been
fully vetted by the UTHSC Committee On Biocontainment
and Restricted Entities (COBRE). Spleens, livers and lungs
of challenged mice were homogenized with a disposable
tissue homogenizer in 1 ml of sterile PBS and then 0.25 ml
disruption buffer (2.5% saponin, 15% BSA, in PBS) was
added with light vortexing. Appropriate dilutions of each
sample were then plated in duplicate using an Eddy Jet spiral
plater on mMH agar plates supplemented with 5% calf serum
and incubated at 37°C for 48–72 h. Colonies were counted
using a Flash & Go automated colony counter.

Preparation of total lipids

Overnight cultures of F. novicida U112 wild-type or naxD
mutant strains were subcultured to OD600 = 0.02 and grown
at 37°C in TSB supplemented with L-cysteine until the
OD600 = 1.0. The cells were collected by centrifugation

(5000 g, 20 min) and washed with PBS. The cell pellets were
resuspended in a single-phase Bligh-Dyer mixture (Bligh and
Dyer, 1959) consisting of chloroform, methanol and water
(1:2:0.8, v/v), incubated at room temperature for 60 min, and
centrifuged (10 000 g, 20 min) to remove insoluble debris.
The supernatant was converted to a two-phase Bligh-Dyer
system by adding chloroform and water to generate a mixture
consisting of chloroform, methanol and water (2:2:1.8, v/v).
The two phases of Bligh-Dyer system were separated under
centrifugation and the lower phase was dried by rotary
evaporation and under a stream of nitrogen. The total lipids
were analysed using thin-layer chromatography (TLC) and
LC-ESI/MS. The TLC plate was developed using the solvent
chloroform, methanol, pyridine, acetic acid and water
(25:10:5:4:3, v/v). Lipids were detected by spraying 10% of
sulphuric acid in ethanol and charring at 300°C.

Negative ion mode electrospray ionization (ESI) mass
spectrometry (MS) and MS/MS analysis

All ESI/MS and MS/MS spectra were acquired on a QSTAR
XL quadrupole time-of-flight tandem mass spectrometer
(Applied Biosystems, Foster City, CA) equipped with an ESI
source. Lipid A samples were dissolved in chloroform and
methanol (2:1, v/v) containing 1% piperidine and subjected to
ESI/MS in the negative ion mode via direct infusion (Garrett
and Yost, 2006; Guan et al., 2007; Wang et al., 2009). Nitro-
gen was used as the collision gas for MS/MS experiments
(Garrett and Yost, 2006; Guan et al., 2007; Wang et al.,
2009). Data acquisition and analysis were performed using
the instrument’s Analyst QS software.

Liquid chromatography/mass spectrometry (LC/MS)

LC/MS of lipids was performed using a Shimadzu LC system
(comprising a solvent degasser, two LC-10A pumps and an
SCL-10A system controller) coupled to a QSTAR XL quadru-
pole time-of-flight tandem mass spectrometer (as above). LC
was performed at a flow rate of 200 ml min-1 with a linear
gradient as follows: 100% mobile phase A was held isocrati-
cally for 2 min and then linearly increased to 100% mobile
phase B over 14 min and held at 100% B for 4 min. Mobile
phase A consisted of methanol/acetonitrile/aqueous 1 mM
ammonium acetate (60:20:20, v/v/v). Mobile phase B con-
sisted of 100% ethanol containing 1 mM ammonium acetate.
A Zorbax SB-C8 reversed-phase column (5 m, 2.1 ¥ 50 mm)
was obtained from Agilent (Palo Alto, CA). The postcolumn
splitter diverted ~ 10% of the LC flow to the ESI source of the
mass spectrometer.

Membrane fractionation

Fifty millilitres of F. novicida strains were harvested at
OD600 = 1.0 by centrifugation for 20 min at 5000 g at 4°C. Cell
pellets were washed with 50 mM K + HEPES, pH 7.5, resus-
pended in 5 ml of the same buffer and passed through a
French pressure cell at 18 000 p.s.i. Unbroken cells were
then removed by centrifugation at 10 000 g for 20 min at 4°C.
Membrane fractions were pelleted from whole-cell lysates by
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ultracentrifugation at 200 000 g for 2 h at 4°C. F. novicida
fractionation and protein localization were verified using
Western blotting (see supplemental experimental proce-
dures). For E. coli, fractions were prepared similarly with the
following exceptions: E. coli C41 (DE3) strains transformed
with the empty vector or vector encoding naxD were grown in
LB broth (1% tryptone, 0.5% yeast extract and 1% NaCl) with
100 mg ml-1 ampicillin and were induced using 1 mM IPTG
when cell density reached OD600 = 0.8, then harvested when
the OD600 = 2.0. NaxD protein expression was analysed using
12% SDS-PAGE gel and Coomassie staining.

Undecaprenyl phosphate-GalNAc deacetylase assay

These assays measured the deacetylase activity of proteins
from the F. novicida wild-type or naxD mutant membrane
fractions, whole-cell lysate of E. coli transformed with the
empty vector, and the membrane and cytosolic fractions of
E. coli transformed with vector encoding naxD (grown under
inducing conditions). The 100 ml reaction mixture included
50 mg ml-1 protein from the bacterial fractions, 4.0 mM syn-
thesized undecaprenyl phosphate-GalNAc (Song et al.,
2009), 1 mM MnCl2, 150 mM KCl, 1.0 mg ml-1 BSA, 0.1%
Triton X-100 and 50 mM HEPES (pH 7.5) and was incubated
at 30°C. A 20 ml sample was removed at 0 and 5 h for F. no-
vicida and 0 and 1 h for E. coli. Samples were converted to a
two-phase Bligh-Dyer system by the addition of chloroform
and methanol. After centrifugation, the lower phase was dried
under nitrogen and analysed using LC-ESI/MS.

Statistical analysis

All macrophage replication, single infection, killing assay and
zeta potential data were analysed for significance using the
unpaired Student’s t-test. For zeta potential, values beyond
three standard deviations of the mean were excluded as
outliers. The CI values from the mouse competition experi-
ments were analysed with the one-sample Student’s t-test
and compared with 1. The mouse survival infection data were
analysed for significance using the Gehan–Breslow–
Wilcoxon test.

Acknowledgements

We dedicate this manuscript in memoriam of our friend,
mentor, collaborator and renowned LPS biosynthesis expert
Christian R. H. Raetz. We thank Larry Gallagher and Colin
Manoil (University of Washington) for generously providing the
pFFlp plasmid. In addition, we thank William Shafer, Thomas
Henry, Brooke Napier and Tim Sampson for critical reading of
this manuscript. The project described was supported by NIH
Grant U54-AI057157 from the Southeastern Regional Center
of Excellence for Emerging Infections and Biodefense. Its
contents are solely the responsibility of the authors and do not
necessarily represent the official views of the NIH.

References

Anthony, L.S., Gu, M.Z., Cowley, S.C., Leung, W.W., and
Nano, F.E. (1991) Transformation and allelic replacement
in Francisella spp. J Gen Microbiol 137: 2697–2703.

Bakshi, C.S., Malik, M., Regan, K., Melendez, J.A., Metzger,
D.W., Pavlov, V.M., and Sellati, T.J. (2006) Superoxide
dismutase B gene (sodB)-deficient mutants of Francisella
tularensis demonstrate hypersensitivity to oxidative stress
and attenuated virulence. J Bacteriol 188: 6443–6448.

Baron, G.S., and Nano, F.E. (1998) MglA and MglB are
required for the intramacrophage growth of Francisella
novicida. Mol Microbiol 29: 247–259.

Basheer, S.M., Guiso, N., Tirsoaga, A., Caroff, M., and
Novikov, A. (2011) Structural modifications occurring in
lipid A of Bordetella bronchiseptica clinical isolates as dem-
onstrated by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. Rapid Commun Mass
Spectrom 25: 1075–1081.

Beasley, A.S., Cotter, R.J., Vogel, S.N., Inzana, T.J., Qureshi,
A.A., and Qureshi, N. (2012) A variety of novel lipid A
structures obtained from Francisella tularensis live vaccine
strain. Innate Immun 18: 268–278.

Bina, X.R., Wang, C., Miller, M.A., and Bina, J.E. (2006) The
Bla2 beta-lactamase from the live-vaccine strain of Fran-
cisella tularensis encodes a functional protein that is only
active against penicillin-class beta-lactam antibiotics. Arch
Microbiol 186: 219–228.

Bina, X.R., Lavine, C.L., Miller, M.A., and Bina, J.E. (2008)
The AcrAB RND efflux system from the live vaccine strain
of Francisella tularensis is a multiple drug efflux system
that is required for virulence in mice. FEMS Microbiol Lett
279: 226–233.

Bligh, E.G., and Dyer, W.J. (1959) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol 37:
911–917.

Choi, K.H., Gaynor, J.B., White, K.G., Lopez, C., Bosio, C.M.,
Karkhoff-Schweizer, R.R., and Schweizer, H.P. (2005) A
Tn7-based broad-range bacterial cloning and expression
system. Nat Methods 2: 443–448.

Clay, C.D., Soni, S., Gunn, J.S., and Schlesinger, L.S. (2008)
Evasion of complement-mediated lysis and complement
C3 deposition are regulated by Francisella tularensis
lipopolysaccharide O antigen. J Immunol 181: 5568–5578.

Clemens, D.L., and Horwitz, M.A. (2007) Uptake and intrac-
ellular fate of Francisella tularensis in human macro-
phages. Ann N Y Acad Sci 1105: 160–186.

Darling, R.G., Catlett, C.L., Huebner, K.D., and Jarrett, D.G.
(2002) Threats in bioterrorism. I: CDC category A agents.
Emerg Med Clin North Am 20: 273–309.

Egberink, H., Addie, D., Belak, S., Boucraut-Baralon, C.,
Frymus, T., Gruffydd-Jones, T., et al. (2009) Bordetella
bronchiseptica infection in cats. ABCD guidelines on pre-
vention and management. J Feline Med Surg 11: 610–614.

Flannagan, R.S., Cosio, G., and Grinstein, S. (2009) Antimi-
crobial mechanisms of phagocytes and bacterial evasion
strategies. Nat Rev Microbiol 7: 355–366.

Fujita, H., Watanabe, Y., Sato, T., Ohara, Y., and Homma, M.
(1993) The entry and intracellular multiplication of Fran-
cisella tularensis in cultured cells: its correlation with viru-
lence in experimental mice. Microbiol Immunol 37: 837–
842.

Gallagher, L.A., McKevitt, M., Ramage, E.R., and Manoil, C.
(2008) Genetic dissection of the Francisella novicida
restriction barrier. J Bacteriol 190: 7830–7837.

Garrett, T.J., and Yost, R.A. (2006) Analysis of intact tissue by

NaxD is a deacetylase required for lipid A modification 625

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 611–627

233



intermediate-pressure MALDI on a linear ion trap mass
spectrometer. Anal Chem 78: 2465–2469.

Guan, F., Uboh, C.E., Soma, L.R., Birks, E., Chen, J., Mitch-
ell, J., et al. (2007) LC-MS/MS method for confirmation of
recombinant human erythropoietin and darbepoetin alpha
in equine plasma. Anal Chem 79: 4627–4635.

Gunn, J.S., and Ernst, R.K. (2007) The structure and function
of Francisella lipopolysaccharide. Ann N Y Acad Sci 1105:
202–218.

Hall, J.D., Craven, R.R., Fuller, J.R., Pickles, R.J., and
Kawula, T.H. (2007) Francisella tularensis replicates within
alveolar type II epithelial cells in vitro and in vivo following
inhalation. Infect Immun 75: 1034–1039.

Hall, J.D., Woolard, M.D., Gunn, B.M., Craven, R.R., Taft-
Benz, S., Frelinger, J.A., and Kawula, T.H. (2008) Infected-
host-cell repertoire and cellular response in the lung
following inhalation of Francisella tularensis Schu S4, LVS,
or U112. Infect Immun 76: 5843–5852.

Honn, M., Lindgren, H., and Sjostedt, A. (2012) The role of
MglA for adaptation to oxidative stress of Francisella tula-
rensis LVS. BMC Microbiol 12: 14.

Hulbert, R.R., and Cotter, P.A. (2009) Laboratory Mainte-
nance of Bordetella pertussis. Curr Protoc Microbiol
Chapter 4: Unit 4B 1.

Imagawa, T., Iino, H., Kanagawa, M., Ebihara, A., Kuramitsu,
S., and Tsuge, H. (2008) Crystal structure of the YdjC-family
protein TTHB029 from Thermus thermophilus HB8: struc-
tural relationship with peptidoglycan N-acetylglucosamine
deacetylase. Biochem Biophys Res Commun 367: 535–
541.

Inatsuka, C.S., Xu, Q., Vujkovic-Cvijin, I., Wong, S., Stibitz,
S., Miller, J.F., and Cotter, P.A. (2010) Pertactin is required
for Bordetella species to resist neutrophil-mediated clear-
ance. Infect Immun 78: 2901–2909.

Ishimoto, H., Mukae, H., Date, Y., Shimbara, T., Mondal,
M.S., Ashitani, J., et al. (2006) Identification of hBD-3 in
respiratory tract and serum: the increase in pneumonia.
Eur Respir J 27: 253–260.

Kalhorn, T.F., Kiavand, A., Cohen, I.E., Nelson, A.K., and
Ernst, R.K. (2009) A sensitive liquid chromatography/mass
spectrometry-based assay for quantitation of amino-
containing moieties in lipid A. Rapid Commun Mass Spec-
trom 23: 433–442.

Kanistanon, D., Hajjar, A.M., Pelletier, M.R., Gallagher, L.A.,
Kalhorn, T., Shaffer, S.A., et al. (2008) A Francisella mutant
in lipid A carbohydrate modification elicits protective immu-
nity. PLoS Pathog 4: e24.

Lai, X., and Ingram, L.O. (1993) Cloning and sequencing of a
cellobiose phosphotransferase system operon from Bacil-
lus stearothermophilus XL-65-6 and functional expression
in Escherichia coli. J Bacteriol 175: 6441–6450.

Llewellyn, A.C., Jones, C.L., Napier, B.A., Bina, J.E., and
Weiss, D.S. (2011) Macrophage replication screen identi-
fies a novel Francisella hydroperoxide resistance protein
involved in virulence. PLoS ONE 6: e24201.

Mariathasan, S., Weiss, D.S., Dixit, V.M., and Monack, D.M.
(2005) Innate immunity against Francisella tularensis is
dependent on the ASC/caspase-1 axis. J Exp Med 202:
1043–1049.

Marr, N., Tirsoaga, A., Blanot, D., Fernandez, R., and Caroff,
M. (2008) Glucosamine found as a substituent of both

phosphate groups in Bordetella lipid A backbones: role of a
BvgAS-activated ArnT ortholog. J Bacteriol 190: 4281–
4290.

Mohapatra, N.P., Soni, S., Bell, B.L., Warren, R., Ernst, R.K.,
Muszynski, A., et al. (2007) Identification of an orphan
response regulator required for the virulence of Francisella
spp. and transcription of pathogenicity island genes. Infect
Immun 75: 3305–3314.

Morrison, D.C., and Jacobs, D.M. (1976) Binding of poly-
myxin B to the lipid A portion of bacterial lipopolysaccha-
rides. Immunochemistry 13: 813–818.

Nano, F.E., and Schmerk, C. (2007) The Francisella patho-
genicity island. Ann N Y Acad Sci 1105: 122–137.

Pelegrin, P., Barroso-Gutierrez, C., and Surprenant, A. (2008)
P2X7 receptor differentially couples to distinct release
pathways for IL-1beta in mouse macrophage. J Immunol
180: 7147–7157.

Phillips, N.J., Schilling, B., McLendon, M.K., Apicella, M.A.,
and Gibson, B.W. (2004) Novel modification of lipid A of
Francisella tularensis. Infect Immun 72: 5340–5348.

Qin, A., and Mann, B.J. (2006) Identification of transposon
insertion mutants of Francisella tularensis tularensis strain
Schu S4 deficient in intracellular replication in the hepatic
cell line HepG2. BMC Microbiol 6: 69.

Raetz, C.R., and Whitfield, C. (2002) Lipopolysaccharide
endotoxins. Annu Rev Biochem 71: 635–700.

Raetz, C.R., Guan, Z., Ingram, B.O., Six, D.A., Song, F.,
Wang, X., and Zhao, J. (2009) Discovery of new biosyn-
thetic pathways: the lipid A story. J Lipid Res 50 (Suppl.):
S103–S108.

Ramakrishnan, G., Meeker, A., and Dragulev, B. (2008) fslE is
necessary for siderophore-mediated iron acquisition in
Francisella tularensis Schu S4. J Bacteriol 190: 5353–5361.

Sandstrom, G., Lofgren, S., and Tarnvik, A. (1988) A capsule-
deficient mutant of Francisella tularensis LVS exhibits
enhanced sensitivity to killing by serum but diminished
sensitivity to killing by polymorphonuclear leukocytes.
Infect Immun 56: 1194–1202.

Schaible, U.E., and Kaufmann, S.H.E. (2002) Studying traf-
ficking of intracellular pathogens in antigen-presenting
cells. Methods Microbiol 31: 343–360.

Schilling, B., McLendon, M.K., Phillips, N.J., Apicella, M.A.,
and Gibson, B.W. (2007) Characterization of lipid A acyla-
tion patterns in Francisella tularensis, Francisella novicida,
and Francisella philomiragia using multiple-stage mass
spectrometry and matrix-assisted laser desorption/
ionization on an intermediate vacuum source linear ion
trap. Anal Chem 79: 1034–1042.

Schulert, G.S., McCaffrey, R.L., Buchan, B.W., Lindemann,
S.R., Hollenback, C., Jones, B.D., and Allen, L.A. (2009)
Francisella tularensis genes required for inhibition of the
neutrophil respiratory burst and intramacrophage growth
identified by random transposon mutagenesis of strain
LVS. Infect Immun 77: 1324–1336.

Shaffer, S.A., Harvey, M.D., Goodlett, D.R., and Ernst, R.K.
(2007) Structural heterogeneity and environmentally regu-
lated remodeling of Francisella tularensis subspecies novi-
cida lipid A characterized by tandem mass spectrometry. J
Am Soc Mass Spectrom 18: 1080–1092.

Song, F., Guan, Z., and Raetz, C.R. (2009) Biosynthesis of
undecaprenyl phosphate-galactosamine and undecaprenyl

626 A. C. Llewellyn et al. �

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 611–627

234



phosphate-glucose in Francisella novicida. Biochemistry
48: 1173–1182.

Soni, S., Ernst, R.K., Muszynski, A., Mohapatra, N.P., Perry,
M.B., Vinogradov, E., et al. (2010) Francisella tularensis
blue-gray phase variation involves structural modifications
of lipopolysaccharide o-antigen, core and lipid a and
affects intramacrophage survival and vaccine efficacy.
Front Microbiol 1: 129.

Sorokin, V.M., Pavlovich, N.V., and Prozorova, L.A. (1996)
Francisella tularensis resistance to bactericidal action of
normal human serum. FEMS Immunol Med Microbiol 13:
249–252.

Szybalski, W., and Bryson, V. (1952) Genetic studies on
microbial cross resistance to toxic agents. I. Cross resist-
ance of Escherichia coli to fifteen antibiotics. J Bacteriol 64:
489–499.

Tirsoaga, A., El Hamidi, A., Perry, M.B., Caroff, M., and
Novikov, A. (2007) A rapid, small-scale procedure for the
structural characterization of lipid A applied to Citrobacter
and Bordetella strains: discovery of a new structural
element. J Lipid Res 48: 2419–2427.

Titball, R.W., and Petrosino, J.F. (2007) Francisella tularensis
genomics and proteomics. Ann N Y Acad Sci 1105:
98–121.

Trent, M.S. (2004) Biosynthesis, transport, and modification
of lipid A. Biochem Cell Biol 82: 71–86.

Vinogradov, E., Perry, M.B., and Conlan, J.W. (2002) Struc-
tural analysis of Francisella tularensis lipopolysaccharide.
Eur J Biochem 269: 6112–6118.

Wang, X., and Quinn, P.J. (2010) Lipopolysaccharide: biosyn-
thetic pathway and structure modification. Prog Lipid Res
49: 97–107.

Wang, X., Ribeiro, A.A., Guan, Z., McGrath, S.C., Cotter,
R.J., and Raetz, C.R. (2006) Structure and biosynthesis of
free lipid A molecules that replace lipopolysaccharide in
Francisella tularensis subsp. novicida. Biochemistry 45:
14427–14440.

Wang, X., Ribeiro, A.A., Guan, Z., and Raetz, C.R. (2009)
Identification of undecaprenyl phosphate-beta-D-
galactosamine in Francisella novicida and its function in
lipid A modification. Biochemistry 48: 1162–1172.

Weiss, D.S., Brotcke, A., Henry, T., Margolis, J.J., Chan, K.,
and Monack, D.M. (2007) In vivo negative selection screen
identifies genes required for Francisella virulence. Proc
Natl Acad Sci USA 104: 6037–6042.

Zhao, J., and Raetz, C.R. (2010) A two-component Kdo
hydrolase in the inner membrane of Francisella novicida.
Mol Microbiol 78: 820–836.

Supporting information

Additional supporting information may be found in the online
version of this article.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

NaxD is a deacetylase required for lipid A modification 627

© 2012 Blackwell Publishing Ltd, Molecular Microbiology, 86, 611–627

235



Nedelko et al. BMC Genomics 2012, 13:411
http://www.biomedcentral.com/1471-2164/13/411
RESEARCH ARTICLE Open Access
Distinct gene loci control the host response
to influenza H1N1 virus infection in a
time-dependent manner
Tatiana Nedelko1, Heike Kollmus1, Frank Klawonn2,3, Sabine Spijker5, Lu Lu4,6, Manuela Heßman1,7, Rudi Alberts1,
Robert W. Williams5 and Klaus Schughart1*
Abstract

Background: There is strong but mostly circumstantial evidence that genetic factors modulate the severity of
influenza infection in humans. Using genetically diverse but fully inbred strains of mice it has been shown that
host sequence variants have a strong influence on the severity of influenza A disease progression. In particular,
C57BL/6J, the most widely used mouse strain in biomedical research, is comparatively resistant. In contrast,
DBA/2J is highly susceptible.

Results: To map regions of the genome responsible for differences in influenza susceptibility, we infected a
family of 53 BXD-type lines derived from a cross between C57BL/6J and DBA/2J strains with influenza A virus
(PR8, H1N1). We monitored body weight, survival, and mean time to death for 13 days after infection. Qivr5
(quantitative trait for influenza virus resistance on chromosome 5) was the largest and most significant QTL for
weight loss. The effect of Qivr5 was detectable on day 2 post infection, but was most pronounced on days 5 and 6.
Survival rate mapped to Qivr5, but additionally revealed a second significant locus on chromosome 19 (Qivr19).
Analysis of mean time to death affirmed both Qivr5 and Qivr19. In addition, we observed several regions of the
genome with suggestive linkage. There are potentially complex combinatorial interactions of the parental alleles
among loci. Analysis of multiple gene expression data sets and sequence variants in these strains highlights about
30 strong candidate genes across all loci that may control influenza A susceptibility and resistance.

Conclusions: We have mapped influenza susceptibility loci to chromosomes 2, 5, 16, 17, and 19. Body weight
and survival loci have a time-dependent profile that presumably reflects the temporal dynamic of the response to
infection. We highlight candidate genes in the respective intervals and review their possible biological function
during infection.
Background
Influenza A virus represents a major health threat to
humans. The 1918 H1N1 pandemic caused at about 30
to 50 million deaths [1]. Seasonal influenza epidemics
cause high economic loss, morbidity and deaths every
year [2]. The course and outcome of an influenza A
virus infection is influenced by viral and host factors.
Host risk factors, like obesity or pregnancy, became evi-
dent during the recent swine flu pandemics [3,4].
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Furthermore, genetic factors in humans associated with
a higher susceptibility to influenza infections and severe
disease outcome have been suspected for the 1918
pandemics, as well as the H5N1 human infections [5-7].
Recently, the importance of IFITM3 as a crucial factor
for host susceptibility has been demonstrated in mice
and humans [8].
The importance of host factors to host susceptibility

and resistance has been demonstrated clearly in animal
models. We and others have shown in mouse infection
models that the susceptibility of the host to influenza A
infection strongly depends on the genetic background
[9-17]. In particular, DBA/2J mice are highly susceptible
to many influenza A virus subtypes, including those that
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were directly derived from human isolates without prior
adaptation to the mouse [9,13,16-18]. In contrast,
C57BL/6J mice are more resistant. After infection with
mouse-adapted H1N1 (PR8M virus), DBA/2J mice loss
weight very rapidly and die within 5–7 days post infec-
tion (p.i.), whereas C57BL/6J mice loss weight until days
6–8 after infection and regain their initial weight by
14 days p.i. [9,18]. Viral load in the lungs of DBA/2J
infected mice is much higher and lung pathology is very
severe compared to infected C57BL/6J mice. Also, the
production of chemokines and cytokines is much higher
in DBA/2J mice [9,18].
However, the genomic regions that are responsible for

the differential response after infection with H1N1 have
not been determined. Therefore, we used a large family
of BXD type recombinant inbred strains generated by
crossing C57BL/6J (resistant) to DBA/2J (susceptible) to
map genetic loci that modulate disease severity. The
BXD genetic reference population (GRP) is made up of a
set of progeny strains, each with a defined and fixed gen-
etic architecture. It is one of the largest families of
strains, consisting of about 80 fully inbred strains [19,20]
available from the Jackson Laboratory and a new set of
80 additional lines that are still in production at the Uni-
versity of Tennessee. Individuals within each single
strain are essentially isogenic (except for the sex chro-
mosomes) and genotypes for the entire family, including
most of the new strains, are known [21]. Genetic vari-
ation among this family has be exploited extensively in
the past to systematically study the genetics of many
traits (for examples of phenotypes see the GeneNetwork
database [22]).
Here, we infected over 50 of the BXD strains with

influenza A H1N1 virus and monitored body weight,
survival, and mean time to death for the following
13 days post infection. We identified two significant and
several suggestive loci peaks for all three traits. All
showed a time-dependent appearance. Data mining of
the intervals revealed several candidate genes, several
of which may be important for the host response to
influenza A virus infection.

Results
Susceptibility to influenza A virus after experimental
infection of BXD mouse strains is highly variable
We infected 53 recombinant inbred strains of the BXD
population plus the parental strains C57BL/6J, DBA/2J
and B6D2F1 mice with mouse-adapted H1N1 virus
(PR8M, H1N1 [18]) and followed body weight and
survival over the next 13 days. Mice that lost more than
25% of their starting weight were sacrificed and also
recorded as dead. After infection, body weight changes
were highly variable between the BXD strains over
the period of 13 days post infection (Figure 1, Additional
file 1: Table S1). Similarly, survival rates (Additional
file 2: Figure S1A, B) and mean time to death (MTTD;
Additional file 2: Figure S1C) were highly variable
between the different BXD strains. Furthermore, the
trait percent survival showed a strain-dependent progres-
sion over time.
For body weight loss and survival, three different

phenotypic response groups can be defined (Figure 1). In
the first (Figure 1A), all infected mice within a strain sur-
vived, in the second (Figure 1B) a majority but not all
individuals within a strain survived, and in the third
group (Figure 1C), a majority died. Most remarkably, in
the first group four strains—BXD9, BXD13, BXD43,
BXD97—were highly resistant indicating that the infec-
tion may not cause any major pathology (Figure 1A). In
contrast, BXD28 belonging to the third group, lost body
weight much more rapidly than even the highly suscep-
tible DBA/2J parent (Figure 1C). These results illustrate a
large variation of responses within the BXD family.
By day 7 p.i., all infected mice had succumbed to

infection in 11 strains, whereas 14 others exhibited
more limited mortality (Additional file 2: Figure S1A). The
incidence of mortality increased in some strains from day
8 p.i. through day 11 but not thereafter (Additional file 2:
Figure S1B). For the MTTD phenotype, 17 strains showed
no mortality after infection, similar to the resistant
C57BL/6J parent. Three strains—BXD28, BXD18,
BXD103—exhibited a MTTD that was even shorter
than for the susceptible DBA/2J parent (Additional file 2:
Figure S1C). Although this study was conducted over a
period of approximately three years, and although mice
were received from different sources and different experi-
menters performed the infection experiments, we did not
note any significant influence of these potential confounds
and cofactors.
Principal Component Analysis (PCA) of strain mean

body weight loss from day 1 until day 7 was carried out
to reduce the number and redundancy of related mea-
surements, as well as to evaluate whether this set of mea-
surements can be broken down into statistically and
genetically independent processes. This analysis revealed
one major component, PC1 that explains most of the weight
loss among strains (more than 80%, see Additional file 3:
Figure S2). This component corresponds to differences
in loss from day 3 to 7 p.i. (Figure 2). In contrast, PC2
accounts for only about 10% of the variance in weight loss
(Additional file 3: Figure S2). This component corresponds
only to very early weight loss after virus inoculation, on
days 1 and 2 p.i.(Figure 2), well before any appreciable
virus replication has occurred. Thus, PC2 is highly likely to
be a technical, but still interesting effect associated with
the stressful procedure of intranasal inoculation and full
anesthesia. PC1 most likely reflects the biologically relevant
variation among strains in response to viral replication.
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Figure 1 BXD strains exhibit variable kinetics of weight loss and survival after infection with Influenza A virus. Mice from 53 BXD and
parental strains were infected intra-nasally with 2 × 103 FFU of PR8 virus. Weight loss and survival of infected mice was followed over a period of
13 days. Mortality includes mice that were sacrificed because they had lost more than 25% of body weight. Three phenotypic groups can be
distinguished: in the first group (A), all infected mice within a given BXD strain survived, in the second group (B) less than 50% of infected mice
within a given BXD strain died, in the third group (C), more than 50% of infected mice within a given BXD strain died. From the weight loss
curve of the second and third group it also becomes obvious that non-surviving mice were all approaching the 75% body weight loss endpoint
before dying.
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Analysis of body weight loss revealed a significant QTL
on chromosome 5 and several suggestive QTLs with
time-dependent effects
We mapped body weight loss following infection day by
day. For purposes of analysis, body weights of mice that
had died or that were euthanized were assigned a weight
equal to 75% of their initial weight. It should be noted
that mice which died continuously lost weight and were
close to 75% body weight loss before they were found
dead (Figure 1B, C). After day 7, surviving mice started
to gain weight (Figure 1A, B). For this reason, we limited
our analyses of body weight traits to the period of day 1
to day 7 p.i. in order to avoid mixing data from dead
with recovering mice. Interval mapping of body weight
238



Figure 2 Principal component analysis of all body weight traits
reveals two distinct groups. PCA loading plot of principal
components PC1 and PC2 (Supplement Figure 2) for body weight
traits form day 1 to day 7 p.i. shows two distinct groups. The
variation of body weight loss at day 3 to day 7 (ID 13007 to ID
13011) are mainly represented by factor 1. On the other hand,
variation of body weight loss at day 1 (ID 13005) and 2 (ID 13006)
are most likely explained by factor 2.
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loss detected a significant time-dependent locus on
chromosome 5 that we named ‘QTL for influenza virus
resistance on chromosome 5’ (Qivr5) adopting the no-
menclature proposed by [12]. This QTL exhibited
genome-wide significance on days 5 (LRS: 19.0, effect
size: 30%) and 6 (LRS: 19.4, effect size: 31%, Figure 3).
However, the effect of Qivr5, although weaker, can also
be detected on days 2, 3, and 4 and 7 (Figure 3). Most
interestingly; the resistance allele at Qivr5 is inherited
from the nominally sensitive DBA/2J parental strain,
illustrating the genetic complexity of the influenza
response. Suggestive loci (LRS values between 10 and
15) map to chromosomes 2, 6, 9, proximal and distal 16,
and chromosome 17. The effect of these loci was also
time-dependent (Figure 3A-G).
Another suggestive QTL peak was found on chromo-

some 10 on day 1 (LRS: 14.1, effect size: 23%,
Figure 3A). Its effect is lower at day 2 and not apparent
at later days. These observations are in accordance with
the PCA (Figure 2) that reveals two separate time-
dependent influences on body weight variance among
strains. The QTL appeared at an early time point
after infection, when virus replication has just begun
and strong inflammatory host responses are not yet
evident [9,18,23]. These observations indicate that the
effect is most likely related to the experimental proto-
col, namely the stress to anesthesia and intra-nasal
application as well as treatment recovery. Treatment-
dependent QTLs were described previously [24]. It is
worth to note that mock-infection of the parental
DBA/2J and C57BL/6J mice did not lead to a lasting
body weight loss over a longer time interval except for
a slight drop in body weight on day 1 p.i. (Additional
file 4: Figure S3).
We also performed a QTL analysis for the PC1 and

PC2 described above. PC1 detects a significant QTL on
chromosome 5 (LRS: 19, effect size: 30%, Figure 4A) as
well as suggestive QTL peaks on proximal chromosome
16 and on chromosome 17 (Figure 4A). Thus, the PC1
confirmed the significant QTL on chromosome 5 found
with the daily body weight loss traits. Interval mapping
of PC2 detected no significant QTL and one suggestive
QTL on chromosome 13 (Figure 4B) which was not seen
in any other trait.

Survival rate and mean time to death traits confirmed
the QTL on chromosome 5 and detected another
significant QTL on chromosome 19
The analysis of survival rate traits on days 7, 8 and 11 p.i.
revealed significant peaks on chromosomes 5 and 19 and
suggestive peaks on chromosomes 1, 2, 3, 10, 16 and 17
(Figure 5A-C). The effects of these QTLs were again
time-dependent. Qivr5 was significant at day 7 (LRS:
24.8, effect size: 37%) and day 8 p.i. (LRS: 19.7,
effect size: 31% Figure 5A, B) and its effect was still evi-
dent from day 9 until 11 p.i. (Additional file 5: Figure S4
and Figure 5C). Similarly, another significant QTL with
time-dependent effects was observed on chromosome 19
(Qivr19) at day 8 (LRS: 19.4; effect size: 29%) that could
also be detected at day 7 and days 9–11 (Figure 5A-C
and Additional file 5: Figure S4). Qivr5 and Qivr19
resulted from a positive influence of DBA/2J on survival,
whereas Qivr16 (distal locus) and Qivr17-2 resulted from
a positive influence of C57BL/6J alleles to increase sur-
vival. Furthermore, MTTD analysis confirmed Qivr5 as a
significant QTL (LRS: 20.5, effect size: 32%), and Qivr19
was almost significant for this trait (Figure 5D). In
addition, suggestive QTLs were found on chromosomes
2 and 17 for the MTTD trait.
In conclusion, survival and MTTD traits confirmed the

significant QTL on chromosome 5, revealed an additional
significant QTL on chromosome 19 and several suggest-
ive QTLs. All QTLs showed a time-dependent effect.

Composite interval and pair-scan mapping indicates
various interactions of QTLs
The strongest QTLs map to chromosomes 5 and 19. We
therefore performed composite interval mapping in
which the contributions of these strong QTLs were fac-
tored out to reveal possible secondary QTLs. When we
controlled for Qivr19, the linkage to distal chromosome
16 increased and became nearly significant for both sur-
vival at day 8 and MTTD (Figure 6A, B). The linkage to
chromosome 2 increased slightly. However, control for
the contribution of Qivr5 did not reveal any additional
loci linked to survival or MTTD traits (Figure 6C, D).
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Figure 3 Genome-wide linkage analysis for body weight loss after H1N1 infection identifies time-dependent QTLs. Analysis of body
weight from day 1 (A), day 2 (B), day 3 (C), day 4 (D), day 5 (E), day 6 (F) and day 7 (G) after PR8 infection revealed time-dependent QTLs.
A significant QTL is located on chromosome 5 and suggestive QTLs are observed on chromosomes 2, 6, 9, 10, 16 and 17. Dead or euthanized
mice were included for the analysis by manually setting their body weight to 75%. Interval mapping is shown across the entire genome as blue
line representing the LRS scores; green line: DBA/2J alleles increase trait values; red line: C57BL/6J alleles increase trait values. Upper x-axis shows
mouse chromosomes, lower x-axis shows physical map in mega bases for each chromosome, y-axis represents LRS score. The horizontal lines
mark the genome-wide significant thresholds at p<0.05 (red line) and suggestive thresholds at p<0.37 (gray line).
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Finally, we analyzed the joint additive effects of QTLs
described above as well as possible epistatic interactions
among these QTLs. When using a full two-locus model
(Trait Variance =Q1+Q2+Q1 x Q2), we found two
potential interactions between Qivr5 and a new locus
on chromosome 9 as well as between Qivr5 and Qivr19,
respectively, for the survival trait at day 8 (Figure 7A).
The inclusion of an interaction term increases the LRS
by 23 (Additional file 6: Figure S5). For both Qivr5 -
chromosome 9 interaction (Figure 7B) and Qivr5 –
Qivr19 interaction (Figure 7C), the allele combination
DBA/2J / DBA/2J showed highest and the combination
C57BL/6J / C57BL/6J lowest survival scores. All differ-
ences were highly significant.
Analysis of QTL regions identified several candidate
genes that may contribute to host susceptibility or
resistance
In total, the mapping studies revealed five QTLs on
chromosomes 2, 5, distal 16, 17 and 19 (Qivr2-2, Qivr5,
Qivr16, Qivr17-2 and Qivr19) that did merit further
analysis because they were consistently observed in at
least two traits and exerted an effect on at least two dif-
ferent days p.i.
For the candidate gene searches, we defined the critical

regions of the QTLs manually by considering peak
height, its shoulder and bootstraps as guidance (Figure 8).
We then investigated these Qivr intervals for potential
candidate genes that may be causal for the studied traits
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Figure 4 Genome-wide linkage scan for PC1 and PC2 body weight loss. Interval mapping of principle component PC1 (A) for body weight
loss traits at day 1 to 7 after PR8 infection shows significant QTLs on chromosome 5 and suggestive QTLs on chromosomes 16 and 17. Interval
mapping of PC2 (B) for body weight loss traits reveals no significant QTLs and a suggestive QTL on chromosome 13. Interval mapping is shown
across the entire genome as blue line representing the LRS scores; green line: DBA/2J alleles increase trait values; red line: C57BL/6J alleles increase
trait values. Upper x-axis shows mouse chromosomes, lower x-axis shows physical map in mega bases for each chromosome, y-axis represents LRS
score. The horizontal lines mark the genome-wide significant thresholds at p<0.05 (red line) and suggestive thresholds at p<0.37 (gray line).
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(Additional file 7: Figure S6). We first used the QTLminer
tool in GeneNetwork [25] to identify all genes in the QTL
intervals and to obtain associated GO terms. Next, we
select all annotated genes within the QTL intervals that
were expressed between day 1 and day 60 after infection
of C57BL/6J mice with PR8M virus (the latter data set is
derived from a separate study (Pommerenke et al., PLoS
ONE, in press). Subsequently, these genes were further
characterized for the following attributes: genes that were
up- or up-regulated in infected lungs by at least 1.5-fold
in C57BL/6J after PR8M infection, genes carrying an in-
sertion or deletion or a non-synonymous nucleotide
change in the open reading frame, genes exhibiting a cis-
expression QTL in the lung [26], and genes that were dif-
ferentially expressed by at least 1.5-fold in C57BL/6J and
DBA/2J mice in infected lungs between day 1 and day 8
p.i. [23] and Pommerenke et al., PLoS ONE, in press).
The strategy of the QTL mining is shown as flow chart in
the Additional file 7: Figure S6, and the final results are
presented in Table 1. Furthermore, the attributes of all
genes located in the QTL regions are listed in detail in
the Additional file 8: Table S2). Using these combined
attributes, we identified 31 genes as the most likely candi-
dates to regulate the traits controlled by Qivr2-2, Qivr5,
Qivr16, Qivr17-2 and Qivr19 (listed in Table 2). These
genes were further evaluated based on their known func-
tion from the literature and phenotypes in knock-out
mouse mutants (see discussion).

Discussion
DBA/2J and C57BL/6J mice have been shown pre-
viously to differ largely in their susceptibility to H1N1
241



Figure 5 Genome-wide linkage scan for survival rate and mean time to death confirms QTLs on chromosomes 5 and 19. Interval
mapping of survival rates (in %) after PR8 infection at day 7 (A), day 8 (B) and day 11 (C) show significant QTLs on chromosomes 5 and 19.
Suggestive QTLs are observed on chromosomes 2, 3, 10, 16 and 17. Interval mapping using mean time to death confirmed the significant QTL on
chromosome 5 and revealed suggestive QTLs on chromosomes 2, 17 and 19 (D). Interval mapping is shown across the entire genome as blue
line representing the LRS scores; green line: DBA/2J alleles increase trait values; red line: C57BL/6J alleles increase trait values. Upper x-axis shows
mouse chromosomes, lower x-axis shows physical map in mega bases for each chromosome, y-axis represents LRS score. The horizontal lines
mark the genome-wide significant thresholds at p<0.05 (red line) and suggestive thresholds at p<0.37 (gray line).
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Figure 6 Composite interval mapping indicates interactions of QTLs on chromosomes 5 and 19. The influence of the markers rs13483633
on chromosome 19 (A, B) and rs13478587 on chromosome 5 (C, D) was factored out and the residual LRS were calculated. Two different traits,
survival day 8 (A, C) and mean time of death (B, D) were tested by using the web tool of GeneNetwork. Interval mapping is shown across the
entire genome as blue line representing the LRS scores; green line: DBA/2J alleles increase trait values; red line: C57BL/6J alleles increase trait
values. Upper x-axis shows mouse chromosomes, lower x-axis shows physical map in mega bases for each chromosome, y-axis represents LRS
score. The horizontal lines mark the genome-wide significant thresholds at p<0.05 (red line) and suggestive thresholds at p<0.37 (gray line).
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Figure 7 Interactions are observed between several QTLs. The graph displays pair-scan results for the trait percent survival at day 8 p.i.
(ID13002) (A). The upper left half of the plot highlights any epistatic interactions, the lower right half provides a summary of LRS of the full
model, representing cumulative effects of linear and non-linear terms based on the model ‘Trait Variance=Q1+Q2+Q1 x Q2 ’. Subsequently,
BXD lines were grouped according to their allele combinations and trait values were compared between groups (B, C). The largest differences are
indicated by asterisks. They are highly significant between the respective groups (p < 0.0001). For the various loci, trait values for the following
markers were used: Qivr5: rs13478587, chromosome 9: rs6191976, Qivr19: rs13483633. Number of lines and p-values for Qivr5 – chromosome 9:
D2/D2: n = 17, D2/B6: n = 17, B6/D2: n = 6, B6/B6 n= 12; D2/D2 vs B6/B6: p < 0.0001, D2/B6 vs B6/B6: p = 0.003. Number of lines and p-values for
Qivr5 – Qivr19: D2/D2: n = 18, D2/B6: n = 16, B6/D2: n = 4, B6/B6: n = 14; p-values: D2/D2 vs B6/B6: p < 0.0001, D2/B6 vs B6/B6: p = 0.0008.
Abbreviations: D2: DBA/2J, B6: C57BL/6J.
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(PR8M) influenza A virus [9,18]. Here, we expanded
these studies and utilized the BXD recombinant inbred
set of mouse strains to map the genomic regions that
are responsible for differences in these two mouse
strains. We monitored three phenotypic traits, body
weight over time, survival over time and mean time to
death to identify quantitative trait for influenza resist-
ance. Two significant QTLs, Qivr5 and Qivr19, were
found on chromosomes 5 and 19, respectively. Fur-
thermore several suggestive QTLs, Qivr2-2, Qivr16 and
Qivr17-2 were observed in at least two traits and at
two days on chromosomes 2, 16 and 17, respectively.
Composite mapping revealed an additional almost sig-
nificant QTL at distal chromosome 16, Qivr16.
A similar analysis for host resistance to influenza has

been performed previously after infecting 66 BXD
strains with H5N1 influenza virus. This study reported
three significant QTLs on chromosomes 2, 7, and 17
[12]. Thus, none of these significant QTLs overlaps with
the QTLs identified in our analysis. Five of the strains
that were resistant (all infected mice survived) in our
study were also resistant in the study of [12] where a
total of 14 strains were found to be resistant. Five strains
that were highly susceptible in our study (100% of
infected mice died) were also highly susceptible in the
study by [12] of a total of 26 susceptible strains. Further-
more, five strains that were resistant in our study were
susceptible in the study by [12]. Thus, there is also
not much overlap between the two studies with respect
of susceptible and resistant strains. The differences
between the two studies are most likely explained by the
use of two different influenza virus subtypes. The H1N1
virus from our study represents a subtype with a mono-
basic hemagglutinin (HA) cleavage site, whereas the
H5N1 which was used in the study by Boon et al. is a
subtype with a polybasic HA cleavage site. The cellular
tropism of these two subtypes for virus replication and
processing is quite different, because monobasic viruses
are dependent on cell-specific proteases for the pro-
cessing of the HA whereas polybasic subtypes can be
processed by more ubiquitously expressed host pro-
teases, e.g. [27-32]. Therefore, the contribution of host
244



Figure 8 (See legend on next page.)
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(See figure on previous page.)
Figure 8 Detailed maps of QTLs contributing to host susceptibility and resistance to PR8 influenza A infection. Interval mapping was
performed for chromosomes 2 (A), 5 (B), 16 (C), 17 (D) and 19 (E). The critical intervals were selected based on the peak shapes and the
bootstrap signals: Qivr2-1 (56–68 Mb), Qivr5 (140–153 Mb), Qivr16 (64–78 Mb), Qivr17-2 (30–44 Mb) and Qivr19 (37–45 Mb). The Qivr intervals are
delineated by red arrows. The yellow bars represent the frequencies of peak LRS using bootstrap analysis. The multicolored chatters along the
top of the graph are hyperlinks to sites with additional genetic and sequence information. The orange chatter along the x-axis indicates the
density of SNPs present in the BXD strains. Interval mapping is shown across the entire genome as blue line representing the LRS scores; green
line: DBA/2J alleles increase trait values; red line: C57BL/6J alleles increase trait values. Upper x-axis shows mouse chromosomes, lower x-axis
shows physical map in mega bases for each chromosome, y-axis represents LRS score. The horizontal lines mark the genome-wide significant
thresholds at p<0.05 (red line) and suggestive thresholds at p<0.37 (gray line).

Nedelko et al. BMC Genomics 2012, 13:411 Page 11 of 19
http://www.biomedcentral.com/1471-2164/13/411
factors to susceptibility may be different between H1
and H5 containing virus subtypes.
Another study described the genetic mapping of sus-

ceptibility and resistance factors after infecting a panel
of 29 AxB / BxA congenic strains with a mouse-adapted
H3N2 influenza virus [33]. The AxB / BxA congenic
strains were generated from a cross of susceptible A/J
and resistant C57BL/6J parental mouse strains. The
authors found three major QTLs on chromosomes 2, 6
and 17. The QTL on chromosome 17 overlaps with the
Qivr17-2 locus which we found in our study. Further-
more, the candidate gene Pla2g7 that was identified in
their study was also detected as candidate gene in our
analysis (see below).
The influence of genetic factors determining the host

response to H1N1 influenza virus infections was also
examined in mice of the pre-Collaborative Cross collec-
tion [34]. In this study, gene expression levels in extreme
responders were used to identify expression QTLs
(eQTL). One gene that exhibited a cis-eQTL, Sik1 (salt
inducible kinase 1), was located in the Qivr17-2 interval
from our study, and we also identified it as potential
quantitative trait gene (Table 2). This gene is associated
with the GO terms ‘negative regulation of transcription
from RNA polymerase II promoter, regulation of cell
differentiation, and protein kinase cascade’. However, no
specific infection-related functions have been yet described
for this gene.
One of the most interesting findings in our study was

the time-dependent effect of QTLs which we observed
in the body weight and survival traits. The peak QTLs
for the two significant QTLs, Qivr5 and Qivr19, were
found at different times p.i., day 6 and day 8, respect-
ively. In addition, the effects of both QTLs were not only
evident at the times p.i. where they exerted the signifi-
cant peak QTL signals but also several days before and
after the peak. Furthermore, for the suggestive QTLs,
also time-dependent effects were observed. These results
suggest that the causal genes underlying different QTLs
act at different time points of the host defense.
Most interestingly, Qivr5 as well as Qivr19 represent a

positive influence on body weight, survival and MTTD
from the DBA/2J haplotype, the susceptible strain.
These findings indicate that genomic regions from the
susceptible parent are able to increase resistance when
combined with the resistant parental genome. We are
now analyzing several BXD strains that were more
resistant than the parental C57BL/6J mice in more
detail. One possible mechanism to explain such an effect
may be that an activator (secreted ligand or transcription
factor) is expressed in susceptible DBA/2J mice but the
corresponding target (receptor or regulated gene) is
mutated. On the other hand, in C57BL/6J mice, the tar-
get but not the activator may be mutated. If the wild
type alleles are now coming together in a BXD strain,
the functional activator finds its functional target and
thereby an increased resistance state is achieved.
Both composite and interaction mapping revealed

many genetic interactions between C57BL/6J and
DBA/2 J alleles. Thus, many genomic regions from the
parental strains are able to contribute to the host re-
sponse and this effect depends strongly on the allele
combinations in the respective QTLs. These observa-
tions may be studied further in double congenic
mouse lines.
We subsequently analyzed the five QTL intervals,

Qivr2-2, Qivr5, Qivr16, Qivr17-2 and Qivr19 in more de-
tail to identify genes that may be causal for resistance or sus-
ceptibility. In total, 830 genes are located in these intervals. We
narrowed down the total number of genes to 31 candidates
(Table 2) by using additional information, such as temporal ex-
pression after PRM8 infection (Pommerenke et al., PLoS
ONE, in press), cis-eQTLs in non-infected lungs [26], dif-
ferences in expression between DBA/2J and C57BL/6J
[23], and sequence variants in the coding regions.
Qivr5 contains the candidate gene Eif2ak1 (eukaryotic

translation initiation factor 2 alpha kinase 1) that is a
member of eIF2alpha kinases which have been associated
with anti-viral host responses [35]. Boon et al. described
another eIF2alpha kinase, Eif2ak2 / Pkr (eukaryotic trans-
lation initiation factor 2-alpha kinase 2), in the Qirv17
locus after infection with influenza H5N1 [12]. Eif2ak2
plays a critical role in modulating immunoglobulin ex-
pression during RSV infection. In addition Eif2ak2 knock-
out mouse mutants are more susceptible to influenza
infections [36,37]. We have initiated the generation of a
246



Table 1 Candidate genes in mapped QTL intervals

Qivr Interval Allele
increasing
survival

No of
genes in
interval

No of genes
expressed

during infection

No of genes
with Indels

(FS in coding region)

No of genes with
SNPs (non-synonymous
codons / stop codons)

Cis-eQTLs in
non-infected lung

Differentially
expressed
btw B6/D2

(up-/down- regulated)

2-2 56-68 Mb D2 72 24 (19) - 4 / 0 6 3

5 140-153 Mb D2 179 83 (57) - 9 / 0 13 10

16 64-78 Mb B6 52 12 (7) 1a 5 / 0 4 4

17-2 30-44 Mb B6 370 158 (104) 1b 58 / 4c-f 32 40

19 37– 45 Mb D2 161 51 (30) 1g 14 / 1h 11 4

Up- or down-regulated genes were defined as genes that exhibited at least a 1.5 difference change in expression levels in lungs of infected mice compared to the
non-infected controls. Genes were defined as differentially expressed exhibiting at least a 1.5 difference in expression changes in infected lungs of C57BL/6J and
DBA/2J. Genes with sequence variations: aRobo1, bLst1, cBrd2, dH2-Ab1, eH2-Bl, fRpp21, gTctn3, hDhdpsI. Abbreviations: FS: frame shift in coding region, SNP: single
nucleotide polymorphism, cis-eQTL: cis regulated expression QTL, B6: C57BL/6J, D2: DBA/2J.
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congenic mouse lines for the chromosome 5 interval to
verify and further characterize the effect of this region for
resistance to influenza infection.
Qivr2-2 contains two candidate genes, Itgb6 (integrin

beta 6) and Ifih1 (interferon induced with helicase C do-
main 1), with known functions in the host defense
to viral infections. Itgb6 mouse knock-out mutants
exhibit severe pneumonia and an increase in granulocyte
recruitment to the lung [38]. The protease-activated
receptor 1-mediated enhancement of Itgb6-dependent
TGF-beta activation has been proposed to represent one
mechanism by which activation of the coagulation cas-
cade contributes to the development of acute lung injury
[39]. The Ifih1 gene is also known as MDA5 (Melanoma
Differentiation-Associated protein 5). IFIH1 is part of
the RIG-I-like receptor (RLR) family, which function as
pattern recognition receptors and are activated upon
binding of virus dsRNA [40]. IFIH1 functions as cyto-
solic receptor that leads to the selective activation of type
I IFN genes and is indispensable for sustained expression
of IFN in response to paramyxovirus infection [41,42].
Ifih1 mutant knock-out mice exhibit an impaired response
to different viral pathogens [43,44].
Qivr16 contains two potential genes with known

functions in the host defense and lung function, Robo1
(roundabout homolog 1 (Drosophila)) and Nrip1 (nuclear
receptor interacting protein 1). DBA/2J mice carry a frame
shift mutation in the Robo1 gene which might lead to an
impaired function of the encoded protein. Robo1 has been
described to be involved in guidance and migration of axons,
myoblasts, and leukocytes in vertebrates (e.g. [45-47]) but is
also expressed in the developing lung [48]. Robo1 knock-
out mutants exhibit a delayed lung maturation and bron-
chial hyperplasia. The latter results suggest that Robo1
may be involved in maintaining proper lung function and
it may become essential when lung epithelium is
destroyed during an influenza infection. Nrip1/Rip140
functions as a co-activator for cytokine gene promoter ac-
tivity via direct protein-protein interactions with the
NFkappaB subunit RelA and histone acetylase cAMP-
responsive element binding protein (CREB)-binding pro-
tein (CBP) [49]. It is involved in modulating pro-
inflammatory responses in macrophages [50].
Qivr17-2 represents a positive influence of the C57BL/6 J

genotype on body weight, survival and MTTD. This
QTL is located in a gene-rich region which carries many
genes that are involved in the host immune response,
in particular the H2 histocompatibility genes which are
involved in antigen presentation [51]. Therefore, many
candidate genes are found in the Qivr17-2 region. The
Lst1 (leukocyte specific transcript 1) gene is of special
interest because the DBA/2J allele mice carries a single
nucleotide deletion in the first exon resulting in a frame
shift of the open reading frame. This mutation most
likely results in a non-functional Lst1 protein in DBA/2 J
mice. We confirmed the presence of the deletion by se-
quencing the parental DBA/2J and some BXD strains car-
rying the DBA/2J allele. The wild type allele was
confirmed in C57BL/6J mice and in some BXD strains
carrying the C57BL/6J allele. In humans, LST1 plays a
role in the regulation of the immune response to in-
flammatory diseases such as rheumatoid arthritis, mi-
crobial infection or Rubella vaccine-induced immunity
[52-55]. Also, Lst1 is up-regulated after influenza A in-
fection in C57BL/6J mice starting at day 2 and exhibits
a strong peak of expression at day 8 p.i. Pommerenke
et al., 2012 (Pommerenke, C., E. Wilk, B. Srivastava, A.
Schulze, N. Novoselova, R. Geffers, and K. Schughart.
2012. Global transcriptome analysis in influenza-infected
mouse lungs reveals the kinetics of innate and adaptive
host immune responses. PLoS ONE. 7:e41169.). Thus,
the expression profile and known functions of Lst1 fit
well with a possible critical role for the host defense to
influenza A virus. We initiated the generation of knock-
out mice to evaluate the role of Lst1 in more detail. In
addition, a second, most interesting candidate, Pla2g7
(phospholipase A2, group VII (platelet-activating factor acetyl-
hydrolase, plasma)) was identified in the Qivr17-2 interval. In
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Table 2 GO-terms and functions observed in knock-out mice of 31 potential candidates from QTL intervals

Qivr Gene
symbol

Gene description Function KO phenotype Type
polymorphism
in ORF

Qivr2-2 Itgb6 integrin beta 6 Integrin-mediated signaling
pathway, inflammatory response,
cell-matrix adhesion

Baldness associated with
macrophage infiltration of skin,
exaggerated pulmonary
inflammation, impaired mucosal
mast cell response to nematode
infection.

ns (1)

Qivr2-2 Ifih1 interferon induced with
helicase C domain 1

Response to virus, innate
immune response, regulation
of apoptosis, RIG-I-like receptor
signaling pathway

Increased virus-associated morbidity
and mortality, decreased cytokine
response to several viral infection.

ns (5)

Qivr5 Eif3b eukaryotic translation
initiation factor 3,
subunit B

Translation, translation initiation NA ns (1)

Qivr5 Sdk1 sidekick homolog 1
(chicken)

Cell adhesion NA ns (1)

Qivr5 Eif2ak1 eukaryotic translation
initiation factor 2 alpha
kinase 1

Negative regulation of translation,
response to stress, negative
regulation of cell proliferation,
regulation of eIF2 alpha
phosphorylation by heme

Enlarged heart size, abnormal
red blood cell development,
morphology, physiology with
macrocytic anemia.

ns (1)

Qivr5 Rnf6 ring finger protein
(C3H2C3 type) 6

Ubiquitin-dependent protein
catabolic process, positive
regulation of transcription,
DNA-dependent

NA ns (2)

Qivr16 Robo1 roundabout homolog 1
(Drosophila)

Cell differentiation, axon guidance,
chemotaxis

Neonatal death, aphagia, delayed
lung maturation and bronchial
hyperplasia.

insertion

Qivr16 Nrip1 Nuclear receptor
interaacting protein 1

Regulation of transcription Female infertility due to ovulation
failure. Male and female mice are
smaller than wild-type littermates.

ns (1)

Qivr16 Usp25 ubiquitin specific
peptidase 25

Ubiquitin-dependent protein
catabolic process

NA ns (1)

Qivr17-1 Cryaa crystallin, alpha A Negative regulation of apoptosis,
negative regulation of caspase
activity, lens fiber cell
morphogenesis

Small lenses that develop
progressive opacity beginning
in the nucleus.

no

Qivr17-2 Snf1lk/Sik1 SNF1-like kinase Negative regulation of transcription
from RNA polymerase II promoter,
regulation of cell differentiation,
protein kinase cascade

NA no

Qivr17-2 March2 membrane-associated
ring finger (C3HC4) 2

Endocytosis, biological process NA no

Qivr17-2 Tapbp TAP binding protein Antigen processing and
presentation of exogenous peptide
antigen via MHC class I,
TAP-dependent; defense response

Reduced and thermolabile MHC
class I surface expression due to
impaired peptide loading with
stabilizing peptides, impaired
T cell selection, altered NK
repertoire, lower CD8+ T cell
numbers, impaired responses to
select class I-restricted antigens.

ns (1)

Qivr17-2 H2-Oa histocompatibility 2,
O region alpha locus

Antigen processing and presentation
of peptide or polysaccharide antigen
via MHC class II, regulation of T cell
differentiation, Graft-versus-host
disease, viral myocarditis

Abnormal antigen presentation
via MHC class II, enhanced
selection of CD4+ single positive
thymocytes. Mice homozygous
for a different knock-out allele
show increased serum IgG1 levels.

ns (1)
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Table 2 GO-terms and functions observed in knock-out mice of 31 potential candidates from QTL intervals (Continued)

Qivr17-2 H2-DMa histocompatibility 2,
class II, locus DMa

Antigen processing and presentation
of exogenous peptide antigen via
MHC class II, positive regulation of
T cell differentiation, positive
regulation of immune response,
Graft-versus-host disease, viral
myocarditis

Impaired antigen presenting cell
function, poor IgG responses to
T-dependent antigens, reduced
numbers of mature CD4+ T cells,
increased susceptibility to
Leishmania major infection.

ns (2)

Qivr17-2 Tap2 transporter 2, ATP-binding
cassette, sub-family B
(MDR/TAP)

Antigen processing and presentation
of exogenous protein antigen via
MHC class Ib, TAP-dependent;
positive regulation of T cell mediated
cytotoxicity, protection from natural
killer cell mediated cytotoxicity

No CD8+ T cells, although
numbers of CD4+ T cells and
B cells are normal.

ns (6)

Qivr17-2 H2-Ob histocompatibility 2,
O region beta locus

Antigen processing and presentation
of peptide or polysaccharide antigen
via MHC class II, Graft-versus-host
disease, viral myocarditis

NA ns (7)

Qivr17-2 H2-Ab1 histocompatibility 2,
class II antigen A, beta 1

Antigen processing and presentation
of peptide or polysaccharide antigen
via MHC class II, Graft-versus-host
disease, viral myocarditis

Depletion of mature CD4+ T cells,
deficiency in cell-mediated
immune responses, increased
susceptibility to viral infections.

ns (9)
stop_L

Qivr17-2 H2-Aa histocompatibility 2,
class II antigen A, alpha

Antigen processing and presentation
of exogenous peptide antigen via
MHC class II, positive regulation of
T cell differentiation, Graft-versus-host
disease, viral myocarditis

Lack of cell surface expression
of MHC class II molecules on
macrophages, decreased
CD4-positive T cell number,
increased CD8-positive
T cell number, thymus hyperplasia,
enlarged lymph nodes, altered
splenocyte response to
staphylococcal enterotoxin B.

ns (10)

Qivr17-2 Lst1 leukocyte specific
transcript 1

Negative regulation of lymphocyte
proliferation, immune response,
cell morphogenesis

NA ns (1)
deletion

Qivr17-2 Gtf2h4 general transcription
factor II H, polypeptide 4

Regulation of transcription,
DNA-dependent

NA ns (3)

Qivr17-2 H2-T23 histocompatibility 2,
T region locus 23

Antigen processing and presentation
of peptide antigen via MHC class I,
Graft-versus-host disease, viral
myocarditis

CD4+ T cells have enhanced
responses after infection or
immunization, are resistant to
suppressor activity mediated by
a subset of CD8+ T cells, but are
more susceptible to NK cell lysis.

ns (3)

Qivr17-2 H2-Bl histocompatibility 2,
blastocyst

Antigen processing and presentation NA ns (4)
stop_L

Qivr17-2 Rpp21 ribonuclease P 21
subunit (human)

tRNA processing NA ns (1)
stop_G

Qivr17-2 Trim26 tripartite motif
protein 26

Biological process NA ns (1)

Qivr17-2 Pla2g7 phospholipase A2,
group VII (platelet-activating
factor acetylhydrolase,
plasma)

Inflammatory response, lipid catabolic
process

NA ns (1)

Qivr17-2 Cyp39a1 cytochrome P450,
family 39, subfamily a,
polypeptide 1

Lipid metabolic process, oxidation
reduction

NA ns (2)

Qivr-19 Sorbs1 sorbin and SH3 domain
containing 1

Transport, focal adhesion assembly,
positive regulation of establishment
of protein localization in plasma
membrane

Decreased triglyceride levels,
altered glucose homeostasis,
decreased white blood cells and
resistance to developing glucose
intolerance induced by a high
fat diet.

ns (6)

Qivr-19 Tctn3 tectonic family member 3 Apoptosis NA ns (1)
insertion (2)

Nedelko et al. BMC Genomics 2012, 13:411 Page 14 of 19
http://www.biomedcentral.com/1471-2164/13/411

249



Table 2 GO-terms and functions observed in knock-out mice of 31 potential candidates from QTL intervals (Continued)

Qivr-19 Hps1 Hermansky-Pudlak
syndrome 1 homolog
(human)

Positive regulation of natural killer
cell activation, secretion of lysosomal
enzymes

Hypopigmentation and increased
bleeding time. Impaired natural
killer cell function, reduced
secretion of kidney lysosomal
enzymes, abnormal retinofugal
neuronal projections
characterize some alleles.

ns (6)

Qivr-19 Dnmbp dynamin binding protein Intracellular signaling cascade,
regulation of Rho protein signal
transduction

NA ns (3)

The genotype of C57BL/6J was used as reference for the sequence polymorphisms. The knockout mutant phenotype was identified in the MGI Mouse Genome
Database. Gene Fign (fidgetin) fulfilled most criteria but was found to be expressed only at late times p.i. (after day 14) and was therefore omitted from the
candidate gene list. Abbreviations: KO: knockout mutant, NA: not analyzed, SNP: single nucleotide polymorphism, ns: non-synonymous codons, ORF: open reading
frame, stop_G: stop codon gained, stop_L: stop codon lost.
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humans, increased activities of certain variants of PLA2G7
were associated with early coronary atherosclerosis and
with endothelial dysfunction, but the gene may also exert
an anti-inflammatory function [56-60]. The Pla2g7 gene
was also identified as a potential candidate gene for suscep-
tibility against infections with H3N2 influenza virus [33].
Pla2g7 expression levels in susceptible A/J mice were
higher than in resistant C57BL/6J mice after infection with
H3N2 virus [33]. We also showed previously that Pla2g7
exhibits a cis-eQTL between C57BL/6J and DBA/2J in
non-infected lungs where the DBA/2J allele shows high
levels of expression [26]. Tnfrsf21 which was identified by
[33] as potential candidate of Qivr17-2 also exhibits a cis-
eQTL in non-infected BXD mice [26] but was not found to
be regulated in C57BL/6 mice after infection (data not pub-
lished). Tapbp (TAP binding protein) plays a major role in
the antigen processing and MHC class I presentation by
stabilizing the TAP peptide transporter, e.g. [61-65]. Also,
Tap2 (transporter 2, ATP-binding cassette, sub-family B
(MDR/TAP)) gene is involved in antigen processing and
presentation [63,66]. Gtf2h4 (general transcription factor II
H, polypeptide 4) encodes a general transcription factor.
Recruitment and activation of Gtf2h4 represents a rate-
limiting step for the emergence of HIV from latency and se-
quence variants have been associated with multiple scler-
osis [67-69].
Within the Qivr19 interval, only one gene, Hps1

(Hermansky-Pudlak syndrome 1 homolog (human)),
has been associated with the host responses to infection.
Mice carrying a natural mutation in the Hps1 gene
showed an increased inflammatory response in alveolar
macrophages after intranasal challenge with LPS [70].
The GeneNetwork database allows searching for other

phenotypic traits that exhibit a genome-wide significant
(LRS≥ 18) within the Qivr intervals identified by our study.
Two phenotypic traits, related to neuronal responses (trait
ID 11285) and body weight changes (trait ID 12838), are
located to the Qivr16 locus. Also, the Qivr17-2 interval
contained significant QTLs for other traits. Two traits are
related to host infectious diseases, ‘Ectromelia virus survival’
(ID 12672) and ‘Chlamydia psittaci (6BC) infection re-
sponse’ (ID 11025) and four traits are associated with im-
mune cell responses (ID 10201, 10466, 10238, 10236). In
addition two traits described seizure responses (ID 10388,
10507), and one trait has not been disclosed yet (ID 13920).
Within the early time chromosome 10 interval, three other
traits exhibit their most significant QTLs: ‘3a,5a-THDOC
in blood plasma 3 days after cycle 5 of chronic intermittent
air vapor’ (ID13027) and two non-disclosed traits. The first
trait may relate to stress responses in the central nervous
system (ID 13292 and 13846).

Conclusions
The mapping of resistance and susceptibility loci in the
BXD population revealed several new QTLs and poten-
tial gene candidates that may be critical for the host
defense against influenza A virus infection. Body weight
and survival QTLs showed a time-dependent profile in-
dicating that the genetic factors in these QTLs are im-
portant for the host response in a temporal dynamic
fashion. Five QTL regions were examined in detail, and
we identified several possible candidate genes that may
be critical for the host response to influenza A infections
in humans.

Methods
Animals
The mouse inbred strains C57BL/6J, DBA/2J and
B6D2F1 were delivered from Janvier, France. Recombin-
ant inbred mouse strains BXD were purchased from three
different sources: The Jackson Laboratory, the University
of Tennessee Health Science Center (Memphis, TN) and
from Harlan, The Netherlands. For the analysis, mice
were transferred to the animal facility in Braun-
schweig and adapted for at least two weeks to the
new environment before starting experiments. Ani-
mals were maintained under specific pathogen free
conditions. All experiments in mice were approved by
an external committee and according to the national
guidelines of the animal welfare law in Germany
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(‘Tierschutzgesetz in der Fassung der Bekanntma-
chung vom 18. Mai 2006 (BGBl. I S. 1206, 1313), das
zuletzt durch Artikel 20 des Gesetzes vom 9. Dezem-
ber 2010 (BGBl. I S. 1934) geändert worden ist.’). The
protocol used in these experiments has been reviewed
by an ethics committee and approved by the ‘Nieder-
sächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit, Oldenburg, Germany’, accord-
ing to the German animal welfare law (Permit Num-
bers: 33.42502/04-108/06, 33.9.42502-04-051/09).

Virus and infection of mice
The mouse-adapted influenza strain A/Puerto Rico/8/34
(H1N1; PR8M, [18] and references therein) was used
for all infection studies. Stocks were prepared by infec-
tion of 10-day-old embryonated chicken eggs. After
mice were anesthetized by intra-peritoneal injection of
Ketamin-Xylazine solution in sterile NaCl (50 mg/ml
Ketamine, Invesa Arzneimittel GmbH, Freiburg; 2%
Xylazine, Bayer Health-Care, Leverkusen) with a dose
adjusted to the individual body weight, mice were
infected intranasally with 2 × 103 FFU of PR8M in 20 μl
of sterile phosphate-buffered saline. Mice were assayed
daily for body weight (determined as % of initial weight
at day 0) and mortality during 13 days p.i. We used
death as the end point for survival. Mice were sacrificed
if body weight loss exceeded 25%. It should be noted
that for mice that did not show any signs of body weight
loss over the entire time period after infection, we do
not have additional parameters to verify that they have
indeed been infected. However, these cases were very
few. In addition, we have ample experience with this
infection method and the failure rate, for example with
the DBA/2J strain, is less that 5%.

Data handling and statistical analysis
In total, 283 BXD mice and 127 mice from the parental
strains or F1 generation were used for the infection experi-
ments. In total 53 BXD strains were infected with an aver-
age of 5 mice per strain. We performed all primary
calculations using simple features and functions of Micro-
soft Excel. Three sets of analysis were performed for the fol-
lowing variables: (1) body weight in percentage from
starting weight (day 0) using the strain medians to exclude
outliers; (2) survival by calculating the survival rate of each
strain from day 7 to 13, (3) mean time to death in days. For
statistical analyses, tests and visualization we used R, a free
software environment for statistical computing and graph-
ics (http://www.R-project.org). In order to test for batch
effects or other co-factors, we visualized the data using
multidimensional scaling based on the Sammon mapping
method [71]. No clusters with respect to any of the co-
factors age, weight at day 0, experimenter, time of infection,
or source of mice could be found in the visualizations.
QTL mapping
QTL mapping was performed using the web-based com-
plex trait analysis available on the GeneNetwork website
(www.genenetwork.org) and the mapping module to
analyze phenotypes in context of mouse genotypic differ-
ences. Interval mapping evaluates potential QTLs at
regular intervals and estimates the significance at each
location with a graphical representation of the likelihood
ratio statistics (LRS) using 2000 permutation tests
[19,22]. LRS values may be converted to LOD scores by
dividing by 4.61. For the two locus model the following
equation was used: Var =Q1+Q2+Q1xQ2 + e, where
Var= the between-strain mean variance in the trait, Q1
and Q2 are makers tightly linked to the loci, Q1XQ2
is the ‘additive-by-additive’ epistatic interaction term,
and e is the residual error. The original data sets can be
obtained at www.genenetwork.org with the following
identification numbers: body weight: 13005 to 13017;
survival: 13000 to 13004 and mean time to death: 12996.
We performed full genome scans for epistatic interac-
tions using the pair-scan module that is implemented in
GeneNetwork. This module exploits the direct global
optimization algorithm developed by [72]. The code
compares the fit (as measured by LRS scores) for a
purely additive model, a purely epistatic model, and the
full model. The code also implements a permutation test
(n = 500) and this enabled us to estimate the empirical p
value of the alternative models.

Candidate gene discovery
The QTL region analysis was initially performed
using the QTLminer which has been implemented in
GeneNetwork [25]. By using the automatic function
of GeneNetwork we identified significant cis-QTLs
with LRS higher than 18 at a genome-wide p-value
of < 0.05. Additionally the genes mapped within the
analyzed QTLs were surveyed by the National Center
for Biotechnology Information (NCBI) Entrez Gene
website (http://www.ncbi.nlm.nih.gov/sites/entrez?db=
gene) and the Jackson Laboratory's MGI Mouse
Genome Database project (http://www.informatics.
jax.org/) to identify potential candidate genes. The
GeneRIF database (http://www.ncbi.nlm.nih.gov/pro-
jects/GeneRIF/GeneRIFhelp.html) was used as a pri-
mary source to search for known gene functions and
corresponding citations.
All sequence variants between B6 and D2 parental

genomes (SNPs, indels) were extracted by using a
comparative analysis that relies on approximately 100x
whole genome shot gun of DBA/2J [73]. All of these
sequence data are available at http://ucscbrowser.
genenetwork.org/, the GeneNetwork Variant Browser
(http://www.genenetwork.org/webqtl/main.py?FormID=
snpBrowser), and the NCBI Short Read Archive (18 files
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total, e.g., SRX037575, SRX013980, SRX013299, SRX012582,
SRX012581, SRX012580); http://www.biomedcentral.com/
1471-2105/11/S4/O7.
Additional files

Additional file 1: Table S1. Body weight loss from day 1 until day 7 for
all strains showing the mean values, SEM per day and number of mice
per strain analyzed.

Additional file 2: Figure S1. Differential susceptibility to influenza A
infection among different BXD strains, parental strains and F1 generation.
Rank-ordered strain distribution pattern illustrating the percentage of
surviving mice per strain after influenza A infection for 53 BXD, parental
DBA/2J and C57BL/6J strains and F1 (B6D2F1) mice for day 7 (A, trait ID:
13001) and day 8 (B, trait ID: 13002). Rank-ordered strain distribution
pattern showing mean time to death for 53 BXD, parental DBA/2J and
C57BL/6J strains and F1 (B6D2F1) mice (C, trait ID: 12996).

Additional file 3: Figure S2. Principal component analysis of all body
weight traits. Percent contribution of principal components to the total
variance for body weight traits from day 1 until day 7 p.i. PC1 contributes
about 80% and PC2 about 10% to the total variance.

Additional file 4: Figure S3. Body weight changes in mock-infected
C57BL/6J and DBA/2J mice. Female DBA/2J (n=4) and C57BL/6J (n=3)
mice were intranasally inoculated with 25 μl PBS under anesthesia. Body
weight changes for each group of treated mice at various days p.i. is
shown with reference to the starting weight (% body weight). Data
represent mean values +/- SEM.

Additional file 5: Figure S4. Genome-wide linkage analysis for survival
after H1N1 infection at days 9 and 10 p.i. Analysis of survival from day 9
(A) and day 10 (B) after PR8 infection revealed suggestive QTLs on
chromosomes 5, 16, 17 and 19. Interval mapping is shown across the
entire genome as blue line representing the LRS scores; green line: DBA/
2J alleles increase trait values; red line: C57BL/6J alleles increase trait
values. Upper x-axis shows mouse chromosomes, lower x-axis shows
physical map in mega bases for each chromosome, y-axis represents LRS
score. The horizontal lines mark the genome-wide significant thresholds
at p0.05 (red line) and suggestive thresholds at p0.37 (gray line).

Additional file 6: Figure S5. Pair Scan analysis of trait 13002. The table
provides the breakdown of trait 13002 as an example for a pair scan
analysis study that compares the fit of the alternative models. An analysis
of this type can be regenerated rapidly on any of the traits presented in
our manuscript.

Additional file 7: Figure S6. Scheme to identify potential candidate
genes in the analyzed QTL intervals. The detailed steps are described in
the main manuscript.

Additional file 8: Table S2. List of genes in the QTL intervals that were
studied in detail. The QTLminer tool in GeneNetwork was to identify all
genes in the QTL intervals and to obtain associated GO terms and KEGG
pathways. All annotated genes within the QTL intervals that were
expressed between day 1 and day 60 after infection of C57BL/6J mice
with PR8M virus were further analyzed for the following attributes: genes
that were up- or down-regulated in infected lungs after PR8M infection,
genes carrying an insertion or deletion or a non-synonymous nucleotide
change in the open reading frame, genes exhibiting a cis-expression QTL
in the lung, and genes that were differentially expressed in C57BL/6J and
DBA/2J mice in infected lungs between day 1 and day 8 p.i.
Abbreviations: FS: frame shift in coding region, SNP: single nucleotide
polymorphism, cis-eQTL: cis-regulated expression QTL, B6: C57BL/6J, D2:
DBA/2J, ns: non-synonymous codons, stop_G: stop codon gained, stop_L:
stop codon lost, DEL: deletion, INS: insertion; ns (. . .): number of non-
synonymous codons. Legends: Expression d0-d60, log2 ≥8 at any day
during infection; No: log2 8; ?: no expression data available. Regulation
during infection (d0-d60): + - up or down regulation, genes that
exhibited at least a 2-fold difference in changes of the expression levels
in lungs of infected mice compared to non-infected controls; (+)(-): up-or
down-regulation, genes that exhibited at least a
1.5-fold difference in changes of the expression levels in lungs of infected
mice compared to the non-infected controls; no: no regulation. SNP: ns
(..) number of non-synonymous codons; STOP_L: Stop codon lost,
STOP_G: Stop codon gained; no: no SNPs between B6 and D2. Indel: DEL:
Deletion; INS: Insertion; no: no INDEL. cisQTL: yes (. . .): LRS value has to
be greater than ≥18; no: no QTL or LRS 18. diff expressed (B6-D2) during
infection: Genes were defined as differentially expressed (log2 ≥8) at any
day in infected lungs of C57BL/6J and DBA/2J; + -: Genes were defined
as differentially expressed exhibiting at least a 2.0 difference in changes
of the expression levels in infected lungs of C57BL/6J and DBA/2J; (+)(-)
differentially expressed: Genes were defined as differentially expressed
exhibiting at least a 1.5 difference in changes of the expression levels in
infected lungs of C57BL/6J and DBA/2J; no: no regulation or not
expressed; Score: the different attributes were counted.
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